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PETROGRAPHIC IMAGE ANALYSIS AS A TOOL TO
QUANTIFY POROSITY AND CEMENT DISTRIBUTION
By John J. Nejedlik B.Sc. (Hons)
ABSTRACT
Porosity style and distribution for reservoir simulation rreobtained by petrography
through a combination of techniques including transmitted light microscopy,
petrographic image analysis (PlA) and routine core analysis (RCA). The research
focuses into the ability of PIA to map and quantify heterogeneity of porosity within a
clean quarlz arenite from the Hutton Sandstone that is commonly considered
homogeneous, with the intention of developing a set of rules for the use of PIA to
effectively measure porosity at optimum magnification with an optimum number of
fields of view. Porosity descriptions involved analyses of the size, shape and
distribution of pore spaces. The data sets produced provide partial coverage, along
with full coverage of porosity across thin sections from the Hutton Sandstone.
Statistical analysis was then applied to the data with the aim of understanding the
spatial correlation by developing statistical models that mimic the pore distribution.
Semi-variograms obtained from statistical analysis imply that porosity shows very little
correlation within the Hutton Sandstone at a microscale. This means that a set of
rules to model porosity distribution involve determining the range of porosity values in
the measured areas, then randomly distributing the range of values within the cross-
bed set or flow unit to which those values apply. Spatial displays produced showed
that PIA could be used to identify some of the factors that control porosity in
sandstones, such as silt layering. Unfortunately, an extremely large number of
readings are required for these to be recognised.
Through the use of a random number generator, it was determined that between 30
and 40 readings were required to calculate average porosity within one standard
deviation of the true mean porosity. The use of pore casting and mercury injection
capillary pressure (MICP), in association with SEM, provided a three-dimensional (3D)
visual assessment of the connectivity between the pores and pore throats.
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A series of image processing techniques available through PIA led to the recognition
that large pores appeared grouped around apparent concretionary centers.
Concretionary centers were a combination of quartz, quartz cement and kaolinite. The
identification of these concretions suggest that the Hutton Sandstone should not be
considered a series of sand-sized grains separating intergranular pores, but rather,
slrould be considered a series of concretions separating interconnected porous zones'
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Figure 2.1: Schematic diagram of Hutton Sandstone core showing the depth, along with the
position of thin sections obtained from the continuous vertical plug. The missing core is
situated near the centre of the core. The numbering system was chosen to represent cross bed
units ( 1 and 2), the pieces of core within those beds, (a-g) and the thin sectións cut from each
piece (i-ii, upper and lower).
Figure 2.2: Basic set up of PIA system showing the microscope to the right with video camera
mounted on top attached to the computer.
Figure 2.3: Menu screen of PIA software (Note that the Image selection is on the far left).
Figure 2.4: Colour Select Box. The colour indicated at the top right is the curuent selection the
PIA is analysing' The histogram indicates what part of the ipectrum that the selected colour
exists in.
Figure 2.5: Binary Process Box with functions that permit the user to alter the overlay,
Figure 2.62 The image histogram box is another method to analyse particular colours.
Figure 2.7 (i): Data Selection box which provides the various options that might need
analysing.
Figure 2.7 (ä): View Measurement box. The cunent selection indicates that lengths are about
to be measured, which would require changing to fraction to determine forosity as a
percentage.
Figure 2.8: Data Calibrate Box showing that lengths will be measured in microns, while the
two horizontal arrows besides X and Y allow the user to calibrate according to the
magnification being used.
Figure 2.9: The edit draw box allows the user to manually edit the overlay of the image. The
overlay can be covered further, or have inaccurate information erased.
Figure 3.1: Location map showing the outline of the Eromanga Basin within Australia.
Figure 3.2: Location map of the Cooper Basin showing the position of the Gidgealpa
field/well.
Figure 3.3: Stratigraphic column showing E:omanga Basin and the relationship with the
underlying Cooper Basin (Kantsler et al., 1983).
Figure 3.4: Core porosity (RCA) versus deprh (pEpS darabase).
Figure 3.5: core permeability (RCA) versus deprh (pEps darabase).
Figure 3.6 (a): Plane polarised light photomicrograph from thin section G17 laii-upper
showing polygonal primary pores between quartz overgrowths (O). The quartz ou".groùìh,
are clearly visible where a dark rim outlines the framework grain.
Figure 3.6 (b): SEM image from sample G17 lfi at relatively low magnification showing the
crystal faces of thin authigenic overgrowths on quartz grains.
Figure 3.6 (c): SEM image from sample GI7 Ifi at a similar magnification as (b). Some quartz
grains do not develop overgrowths. There is a light dusting óf kaolinite plaíelets on some
grains with loosely packed kaolinite booklets in some pores.
Figure 3.6 (d): CL image from thin section GI7 2aü. The pastel blue and pink colours show
framework quafiz grains; the bright blue indicates patches oi kaolin while thã quartz cement is
the dark rim on the framework grains.
Figure 3.6 (e): Same field of view as (d) above viewed under plane polarised light. This























Figure 3.7 (a): Plane polarised light photomicrograph from thin section G17 lbi showing
authigenic kaolinite filling primary pores. A lack of quartz cement is visible where kaolinite
appears, however, often an intergrowth of kaolinite and quartz occurs (p)
Figure 3.7 (b): SEM image from sample G17 lai-upper showing kaolinite infilling pores and
coating qtJartz cemented quartz grains
Figure 3.7 (c): SEM image from sample G17 lai-upper at the same magnification as (b) above
showing more loosely packed kaolinite filling pores and coating grains
tr'igure 3.7 (d): CL image from thin section Gl7 2ai. The pastel blue and pink colours show
framework quartz grains; the bright blue indicates patches of kaolinite that luminesces so
brightly that it appears to occlude all porosity. Quartz cement is the dark rim on the
framework grains
Figure 3.7 (e): Same field of view as (d) above viewed under plane polarised light. This
standard presentation is used as a reference for the CL image.
Figure 3.8 (a'b): Grain size histogram distribution charts for samples G17 lai-upper and laii-
upper.
Figure 3.9 (a'b): Pore size histogram distribution charts for samples G17 lai-upper and laii-
upper.
Figure 3.10: Dissolution of feldspar grain (F) produces secondary porosity. Note the









porosity. Porosity within the kaolinite ranged ftom I\Vo to 30Vo of the total kaolinite area (5x-
mag, scale bar in microns)
Figure 3.12: Photomicrograph from thin section G17 lai-upper showing quartz overgrowths 53
(O), visible by the dark rim, surrounding framework grains.
Figure 3.13: Photomicrograph from thin section G17 ldii showing authigenic kaolinite (K) 53
filling porosity. Quartz overgrowths (O) are also visible by the dark rim surrounding the
framework grains (scale bar applies to both micrographs).
Figure 3.14: Schematic diagram taken from Worden and Morad (2000) showing the 5{-
geochemical controls on quartz cementation.
Figure 3.15: Sources of silica cement modified from worden and Morad (2000). 5t
Figure 3.16: CL image showing the 5mm-overlay grid used to calculate the quartz cement by n
point counting.
Figure 3.17 (i): Thin section G17 lfi under CL. Note the brightly luminescing kaolinite, 60
which appears to occlude all pore space, while the qtJartz cement is clearly visible as
overgrowths (O) surrounding many of the primaty quartz grains (scale bar is in microns).
Figure 3.17 (ii): Thin section GIl lfi under plane polarised light. Where dark overgrowth 6o
rims are not pronounced is where quartz overgrowths will not be recognised (scale bar in
microns).
Figure 4.1: Pattern used to collect the 3-strip porosity data in thin section. Special care was 6¿
taken noting the shallowing direction to keep data acquisition consistent.
Figure 4.2: Set up of PIA system, showing the relationship between the on-screen field of 63
view and the thin section on the microscope stage.
Figure 4.3: Porosity variation from thin section for the data from each of the three strips 6+
measured along the length of the vertical plug (missing core with piece sent for micro-CT
scanned not included). The breaks between interpreted cross-bed set I and 2 (CB 1 and CB 2)
are included.
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Figure 4.4: Schematic diagram of a thin section, the red columns show the areas where
porosity was collected, while the cross-hatched areas shows how this data was displayed
spatially
Figure 4.4 (i):3-strip spatial display for thin section laii produced from 60 readings, spread
across aî area of influence. A low porosity area is observed in the central region of the slide,
displaying heterogeneity at a microscale.
Figure 4.4 (ä): Spatial display for thin section 2aii produced from 87 readings. Interpreta(ion
of the core photo suggests some cross layering is visible across the central region, indicated by
the porosity display as a low porosity zone, this being further evidence of heterogeneity at a
microscale.
Figure 4.5: Relative coverage of a thin section at the various magnifications used to measure
porosity (scale measurements are in microns and were measured using the line tool from the
measure menu)
Figure 4.6 (i): Full coverage spatial display for thin section laii upper. No visible layerings,
while patches of high and low porosity are visible throughout the sample. These areas are
likely to control fluid flow.
Figure 4.6 (ii): Full coverage spatial display for thin section 2aä. Two low porosity layers are
interpreted through the central region of the display. The porosity histogram is included above
the display.
Figure 4.6 (iii): Spatial display of pseudo 2.Sx-magnification porosity data for thin section laii
upper. Areas of high and low porosity are identified with significant smoothing. The porosity
histogram shows the distribution of the data within the display.
Figure 4.7: Spatial display of the full coverage porosity data for thin section laii upper. The
colour display is altered to highlight the apparent patches within the data. The porosity
histogram shows the distribution of the data within the display.
Figure 4.8: Spatial display of the full coverage porosity data for thin section Zati. The colour
display is altered to highlight the apparent patches within the data. The porosity histogram
shows the distribution of the data within the display.
Figure 4.9 (a): Porosity variance around the true mean plotted from data obtained from a
random number generator (RNG) using the 5x-mag data. The RNG chose between a group of
10-300 porosity values and did this 100 times. Using 10 samples as an example, the average
obtained varied between 15.67o and26.27o. The average when 50 samples were acquired 100
times ranged between I9.57o and23.57o
Figure 4.9 (b): The standard deviation (SD) inherent in the variation shown in the porosity
data plotted in Figure 4.9 (a) above. The SD drops below one after 33 points have been
sampled and the curve flattens considerably after 60 points are sampled.
Figure 4.10 (a): Porosity variance around the true mean plotted from data obtained from a
random number generator (RNG) using the 5x-mag data. The RNG chose between a group of
10-300 porosity values and did this 500 times. Using 10 samples as an example, the avelage
obtained varied between l5.9Vo and27.57o. The average when 50 samples were acquired 500
times ranged between 18.67o and24.IVo
Figure 4.10 (b): The standard deviation (SD) inherent in the variation shown in the porosity
data plotted in Figure 4.10 (a) above. The SD drops below one after 34 points have been
sampled, and the curve flattens considerably after 70 points are sampled
Figure 4.11: Semi-variogram of the 5x-magnification data set for thin section laii-upper
suggesting porosity shows little correlation (nugget effect). Lag I corresponds to a move of
1000 microns,lag2 is a move of 2000 microns. Lags were calculated in different orientations
















Figure 4.12: Semi-variogram of the 5x-magnification data set for thin section 2aii suggesting
there is little cor¡elation, neither distance nor direction influence correlation of porosity
measurements. (Note, for direction WE, lag 1 corresponds to a move of 1000 microns, while a
lag 2 corresponds to a move of 2000 microns).
Figure 4.13: Gl7 laii upper semi-variogram calculated from the program GSLIB. Colours
represent directions: NS is displayed in green, WE as red, and the diagonals are averaged and
displayed in blue. There is an interpreted apparent, slight short-ranged (lag 1) weak nearest
neighbour correlation visible in this sample (semi-variogram produced by GSLIB at the
Melbourne CSIRO).
Figure 4.14: GI7 2aii semi variogram calculated from the program GSLIB. Colours represent
directions: NS is displayed in green; WE in red and the diagonals are averaged and displayed
in blue. No correlation is seen in this sample (semi-variogram produced by GSLIB at the
Melbourne CSIRO)
Figure 4.15: Semi-variogram from thin section laii-upper at 1Ox-magnification showing little
correlation. Lag (h)= 0.5 is equivalent to a lag of I and corresponds to a move of 5ggmicrons,
while lag (h) =l is equivalent to a lag of 2, corresponding to a move of 2 x500 microns
(1O0Omicrons)
Figure 4.16: Semi-variogram from thin section laii-upper at 5Ox-magnification showing little
correlation. Lag (h)= 0.lis equivalent to a lag of I and corresponds to a move of lggmicrons,
while lag (h) =0.2 is equivalent to a lag of 2, corresponding to a move of 2 x100 microns
(200microns)
Figure 4.L7: Modelled 5Ox-magnification data of thin section laii-upper. Both diagonal
directions have been averaged. Model fits the first three points, however all thlee are still only
lag 1 because of the different dimensions of the field of view when acquiring the data. At 50x-
magnification, correlation exists between neighbouring porosity values and is weak
Figure 4.18: PIA image showing the problem conceming the number of grains and pores that
exist in each field of view when a porosity assessment is made.
Figure 4.L9: Thin section G17 laii under-sampled semi-variogram showing no correlation
(nuggett effect) between data points, that is, neither distance nor direction influence
correlation. This semi-variogram was calculated with the odd rows and columns removed from
the original 5x-magnification data set,
Figure 4.20: 3 semi-variograms produced at different magnifications for thin section laii-
upper. The similar shape of each suggests a fractal nature to porosity in thin section measured
using PIA
Plate 5.1: 7aa-stereoedit. 6 pores were measured in this field of view (shown by labelled
bars). Thesamplehadaverageporesizeof lS8microns, aveÍagecoordinationnumberof 4.5
with pore throats between 10 and 55 microns (use red/green filter glasses to view image in 3D)
Plate 5.2: lab-stereoedit. 4 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 164 microns, averlge coordination number of 4.5
with pore throats between 10 and 40 microns (use red/green filter glasses to view image in 3D)
Plate 5.3: 7øe2-stereoedit. 5 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 220 microns, avetage coordination number of 4.6
with pore throats between 15 and 50 microns (use red/green filter glasses to view image in 3D)
Plate 5.4: 1da2-:stereoedit.9 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 265 microns, average coordination number of 4.6
with pore throats between 10 and 60 microns (use redlgreen filter glasses to view image in 3D)
Plate 5.5: lde2-:stereoedit. 2 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 286 microns, average coordination number of 6
















Plate 5.6: lfb2_stereoedit. 5 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 202 mictons, average coordination number of 3'6
with pore throats between 5 and 65 microns (use redlgreen filter glasses to view image in 3D)
Plate 5.7: 7fa2_.;tereoedit. 5 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 2O7 microns, average coordination number of 4
with pore throats between 10 and 90 microns (use red/green filter glasses to view image in 3D)
Plate 5.8: 2ød2;tereoedit, 4 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 229 microns, avefage coordination number of 4'7 5
with pore throats between 10 and 70 microns (use red/green filter glasses to view image in 3D)
Plate 5.9: 2ab2Jtereoedit. 4 pores were measured in this field of view (shown by labelled
bars). The sample had average pore size of 135 microns, average coordination number of 4
with pore throats between 10 and 45 microns (use red/green filter glasses to view image in 3D)
Figure 5.1: Mercury intrusion versus Pressure chart showing the intrusion of mercury with
increasing pressure for sample lai upper. Porosity calculated by MICP for this sample is
indicated above the chart while the curve suggests the sample is a good reservoir rock because
low pressure is required to obtain large volumes of mercury intrusion.
Figure 5.2: Mercury intrusion versus Pressure chart showing the intrusion of mercury with
increasing pressure for sample la lower. Porosity calculated by MICP for this sample is
indicated above the chart while the curve suggests the sample is a good reservoir rock because
of the low pressure required to obtain mercury intrusion.
Figure 5.3: Mercury intrusion versus Pressure char[ slurwiug thc iltrusion of mercury with
increasing pressure for sample ldii. Porosity calculated by MICP for this sample is indicated
above the chart while the curve suggests the sample is a good reservoir rock because of the low
pressure required obtaining large volumes of mercury intrusion.
Figure 5.4: Mercury intrusion versus Pressure chart showing the intrusion of mercury with
increasing pressure for sample lfi. Porosity calculated by MICP for this sample is indicated
above the chart while the curve suggests the sample is a good reservoir rock because of the low
pressure required obtaining large volumes of mercury intrusion'
Figure 5.5: Mercury intrusion versus Pressure chart showing the intrusion of mercury with
increasing pressure for sample 2a. Porosity calculated by MICP for this sample is indicated
above the chart while the curue suggests the sample is a good reservoir rock because of the low
pressure required obtaining large volumes of mercury intrusion.
Figure 5.6: Drainage-imbibition curve for sample G17 la-lower showing the drainage and
imbibition of mercury into and from the rock.
Figure 5.7: Drainage-imbibition curve for sample G17 lai-upper showing the drainage into
and imbibition of mercury from the rock. The recovery efficiency is included in the centre of
the chart, calculated by the maximum imbibition divided by the drainage multiplied by 100'
The coordination number and aspect ratios calculated from pore casts are included beneath the
chart.
Figure 5.8: Drainage-imbibition curve for sample G17 ldii showing the drainage into and
imbibition of mercury from the rock. The recovery efficiency is included in the centre of the
chart, calculated by the maximum imbibition divided by the drainage multiplied by 100. The
coordination number and aspect ratios calculated from pore casts are included beneath the
chart.
Figure 5.9: Drainage-imbibition curve for sample G17 lfi showing the drainage into and
imbibition of mercury from the rock, The recovery efficiency is included in the centre of the
chart, calculated by the maximum imbibition divided by the drainage multiplied by 100. The
















Figure 5.10: Drainage-imbibition curve for sample G17 lfi showing the drainage into and
imUiUition of mercury from the rock. The recovery efficiency is included in the centre of the
chart, calculated by the maximum imbibition divided by the drainage multiplied by 100. The
coordination number and aspect ratios calculated from pore casts are included beneath the
chart.
Figure 5.L1: Pore throat chart calculated from MICP for sample G17 la-lower showing that
approximately l97o of the pore volume is accessed by pore throats with a size of 30 microns
which is in good agreement with the range of pore throat data obtained from pore casts.
Figure 5.12: Pore throat chart calculated fromMICP for sample GI7 Iai upper showing that
approximately 23Vo of the pore volume is accessed by pore throats with a size of 35 microns
which is in good agreement with the range of pore throat data obtained from pore casts.
Figure 5.L3: Pore throat chart calculated from MICP for sample G17 ldii showing that
approximately l97o of the pore volume is accessed by pore throats with a size of 32 microns
which is in good agreement with the range of pore throat data obtained from pore casts.
Figure 5.14: Pore throat chart calculated from MICP for sample G17 lfii showing that
approximately I97o of the pore volume is accessed by pore throats with a size of 31 microns
which is in good agreement with the range of pore throat data obtained from pore casts.
Figure 5.15: Pore throat chart calculated from MICP for sample GIl 2ai showing that
approximately l5%o of the pore volume is accessed by pore throats with a size of 40 microns.
This is in good agreement with the range of pore throat data obtained from pore casts, however
there are a greater level of smaller throats srrggesting the sample might be more poorly sorted'
Figure 6.L: Geologic setting of the Gulf Coast Basin showing location of selected salt domes.
Figure 6.2: Butler Salt dome location map and Stratigraphic column
Figure 6.3: Outcrop of the calcite concreted Carizzo Sandstone showing the weathering effect
of the uncemented areas
Figure 6.4: Outcrop of the Caizzo Sandstone showing the spherical calcite concretions
intruding into an uncemented zone that has washed from the outcrop
Figure 6.5: Carizzo Sandstone showing tight spherical calcite concretions (A) with areas of
weakly cemented sandstone between them (B)
Figure 6.6 (a): Carizzo Sandstone showing more tight spherical calcite concretions indicated
by the slightly darker patches along with a pyrite concretion (C). The concretions are
separated by lightly coloured polygonal zones with less cement'
Figure 6.6 (b): Same piece of Carizzo Sandstone as above with some interpretations included
showing some of the major calcite concretions that are the result of coalescing smaller
concretions. This coalescing creates a concretion overprint acloss the rock.
Figure 6.7: Bunkers Sandstone showing highly cemented spherical concretions clustered
throughout the sample.
Figure 6.8: Bunkers Sandstone with highly cemented concretions clustered throughout the
sample. Uncemented areas have been weathered away.
Figure 6.9: A highly silica cemented spherical concretion from the Rawnsley Quartzite.
Figure 6.L0: A highly silica cemented spherical concretion from the Rawnsley Quartzite. The
dark patch on the kidney shaped piece is resin.
Figure 6.11 (a): Plane polarised light image within Bunkers Sandstone concretion. Cement
completely occludes porosity (5x-mag, scale bar in microns).
Figure 6.L1 (b): CL micrograph of the Bunkers Sandstone concretion. Cement shows no





















Figure 6.12 (a): Plane polarised light micrograph within a Rawnsley Quartzite concretion.
Note the partially dissolved feldspar grain (A) and some primary porosity (5x-mag, scale bar in
microns).
Figure 6.L2 (b): Cross-polarized light micrograph of the Rawnsley Quartzite of the above
image (scale bar in microns).
Figure 6.13 (a): CL micrograph within the Rawnsley Quartzite. Some primary porosity is
present amongst otherwise fully cemented framework concretion (2x-mag, scale bar in
microns). Quartz overgrowth is the major cement phase.
Figure 6.13 (b): Plane polarised light within the Rawnsley Quartzite. The primary pores are
clearly visible amongst the quartz cement.
Figure 6.L4: Thin section G17 lfii and the interpretation of concretions. Note some
concretions are clustered together, and occur throughout the sample. The concretions are
surrounded by rims of larger pores.
Figure 6.15: Theoretical image showing what is seen in the Hutton Sandstone samples. The
clusters are highlighted with dark rings, and consist of quartz, qtartz cement (in the form of
overgrowths) and kaolinite (K). Some remnant feldspar grains are nearby supplying much of
the silica for the quartz cement.
Figure 6.16: Thin section G17 lbi and the interpretation of concretions. These are also









secondary pore from dissolution of feldspar (A) (5x-mag, scale bar in microns).
Plate 6.17 (b): Binary overlay from thin section Gl7 Iai. The overlay was produced by a
succession of erosion and dilation iterations to purposefully eliminate the smallest pores. There
is also evidence of secondary porosity forming from the dissolution of feldspar (A).
Figure 6.18 (a): Thin section Gll lfii: Dissolution of feldspar is evident (A) along with
abundant kaolinite and quartz cement forming the concretion, being surrounded by large pores
(2x-mag, scale bar in microns and applies to the overlay below).
Figure 6.18 (b): G17 lfii binary overlay - the large pores suround the concretion. Image
produced by erosion-dilation to eliminate the smallest pores.
Figure 6.19 (a): Thin section G17 la-lower. Three clusters are interpreted (1-3), surounded
by the large primary pores. Note the thick quartz cement overgrowths (A). (2x-mag, scale bar
in microns and applies to the overlay below).
Figure 6.19 (b): Thin section G17 la-lower binary overlay. Elimination of the smallest pores
allows larger pores to highlight the three concretions.
Figure 6.20 (a\: Four separate adjoining images collected using the 2x-magnification objective
were joined to investigate the possibility of existence of large concretions (scale bar in
microns).
Figure 6.20 (b): The binary overlay produced by erosion-dilation iterations to remove the










TABLE 3.1: Measured core porosity and permeability versus depth.
TABLE 3.2: Average composition obtained by PIA for all thin sections.
TABLE 3.3: A comparison of the results obtained from the three methods used to estimate
rock petrology. It is evident from the data that PIA tends to overestimate each individual
component because the total obtained from the 14 thin sections sums to lO\Vo. This is a result
of (a) overlap occurring when producing an overlay for quartz and porosity, and from these
overlays, (b) rounding, because PIA calculates percentages including fractions.
TABLE 4.1 highlights the average porosity calculated for G17 laii at different magnifications
and the number of readings used to obtain that average,
TABLE 5.1: Pore cast analysis data obtained from 3D images from sample lai upper.
TABLE 5.2: Pore cast analysis data obtained from 3D images for sample ldii.
TABLE 5.3: Pore cast analysis data obtained from 3D images for sample lfi
TABLE 5.4: Pore cast analysis data obtained from 3D images for sample 2a.
TABLE 5.5: Porosity and pore throat data obtained from pore casts, MICP and PIA, The data
suggests that there is agreement between methods. A pore cast was not made for sample la-
lower.
TABLE 7.1: Displays the various techniques used in the study, which calculate, or help
calculate porosity for rock characterisation, incorporated in reservoir model for simulation.
















Reservoir simulation is a technique used in petroleum production where a reservoir
volume is populated with parameters to predict and define the flow of hydrocarbons
during production. Laboratory measurements of relative permeability and residual oil
saturation are used as inputs to reservoir-scale simulators, however variations in
laboratory measurements can be large. ln petroleum reservoir engineering, errors in
reservoir performance prediction are caused by inaccurate characterisation of the
reservoir. lnaccurate prediction leads to significant amounts of hydrocarbon remaining
unrecovered, thus preventing exploitation of the full reservoir potential. Another
source of error is a lack of understanding of the pore-scale mechanisms responsible
for mobilisation and recovery of oil.
The fundamental parameters required for a reservoir simulation study include a
description of the reservoir rock and fluid flow properties. Fluid flow in a reservoir is
controlled by bed continuity, the presence of obstructions to flow, permeability
distribution and fluid properties such as viscosity (Weber, 1992). ln a sandstone
reservoir, heterogeneities that influence fluid flow include: large-scale faults, thin shale
interbeds, sedimentary structures, sand to silt distribution, cement distribution,
dissolution patterns and pore scale features.
Reservoir simulation requires a multi-disciplinary approach to define the parameters
that populate a reservoir model. For ease of computation, the reservoir model is
reduced to a set of cells that incorporate varied information that are combined into f/ot¡¡
units.
-lt,o orilinol clnfi":t'i'^ 'l
épflow unit modified by Ebanks Jr. ef a/. (1992) "as
a mappable portion of the total reservoir within which geological and petrophysical
properties that affect the flow of fluids are consistent and predictably different from the
properties of other reservoir rock volumes".
t1
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Flow units share common characteristics, however there is no universally applicable
set of rules by which flow units are defined. To divide a reservoir into flow units
requires an integration of stratigraphic, sedimentological, structural, petrographic,
petrophysical and field peformance data (Ebanks Jr. et al., 1992).
The shape of the reservoir and the reservoir spill or leak point, as determined by the
lowest closing contour, is defined by interpretation of seismic supported by the
feedback of information from a well or wells intersecting the reservoir. The reservoir
engineer provides porosity and permeability data from routine core analysis (RCA), the
oil water contact (OWC), gas oil contact (GOC), and the degree of pore connectivity
within the reservoir and the column height. The role of the geologist is to provide
reservoir models that give a sufficient description of those parameters that control the
fluid flow relevant to the planned simulation study (Harris, 1975). These include the
distribution of the reservoir unit (whether it be channel sands, crevasse splays, sheets
or blocky sands) as well as constraining the geographic dimensions of the flow units
within the reservoir. The petrologist determines the distribution of pore size and the
pore interconnectivity within the reservoir and identifies the link between porosity style
and sedimentary units.
Data associated with pore connectivity is obtained from both pore casts and mercury
injection capillary pressure (MICP). The latter provides direct information on the size
of the pore throats within the unit. The porosity style and distribution is obtained from
petrography by a combination of transmitted light microscopy, petrographic image
analysis (PlA) and RCA.
A new tool used to assist in determining porosity distribution and connectivity is micro
X-ray tomography (micro-CT analysis). X-ray tomography was developed in 1979 and
is used extensively in medicine, but more recently, the technique has been modified
and applied to other science disciplines such as geology. X-ray tomography is a
three-dimensional (3D) non-destructive imaging technique that allows the internal
microstructure of an object to be imaged.
l8
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The micro-CT scanner is an adaptation of X-ray tomography that allows for its use in
geology. lt is now possible to study the internal pore structure of a reservoir unit, from
which fluid flow can be simulated and permeability calculated assisting to constrain the
various heterogeneity types that might influence oil recovery. lt is a quantitative
imaging technique producing excellent 3D resolution of porosity, fracture or throat
patterns, drilling fluid invasion on a local scale, and quantification of complex
mineralogies in addition to depth of correlation of core with wireline-logs (Wellington &
Vinegar, 1987).
A limitation of the use of micro-CT scanning in petroleum geology is the small sample
size required for analysis. The sample is only 0.5cm3, which is not a true
representation of the reservoir unit because reservoirs can exhibit great variation over
small distances, and no unit (reservoir or non-reservoir) can be perfectly
homogeneous.
1.2 PROJECT AIMS AND OBJECTIVES
The project objective was to provide a full description of thin section porosity across a
selected interval of core. The classification of porosity by PIA provides a useful two-
dimensional simplification of a three dimensional parameter (Ehrlich et al., 1984;
Ruzyla, 1986), and thus, PIA was used to test its ability as a mapping tool to quantify
heterogeneity within a core that might normally be considered homogeneous.
Description of porosity involved analysis of the size, shape and distribution of the
porosity, with the aim of then upscaling these descriptions so they could be used as a
predictive tool for reservoir simulation across a larger reservoir interval. lf the porosity
heterogeneity in sandstone can be understood and even modelled then it might be
possible to use the information obtained in conjunction with the micro-CT scanning
results to develop a virtual core-testing laboratory.
The core for this study was obtained from the Hutton Sandstone in
Gidgealpa-17 in the Eromanga Basin. The Hutton Sandstone acts as both a major
aquifer and an oil reservoir in the Eromanga Basin and is predominantly a thickly
bedded quartz arenite with occasional rock fragment-rich, pebble-dominated
conglomerate.
t9
PIA is a relatively new tool used primarily for porosity determination in thin section.
Prior to the introduction of PlA, calculation of porosity and mineralogy wa's done by
point counting, a technique that analyses a large number of points which are then
reduced to a single value for each thin section. PIA measures porosity across areas
rather than accumulating points, thereby providing information on porosity distribution
on a micro-scale. This is important because within this porosity distribution lies
information on the sorting, layering, cross bedding, nature of cementation, cement
distribution, pore connectivity and permeability of the rock. PIA allows study of the
controlling factors influencing porosity whilst measuring and analysing the pores, and if
these controls are better understood, it will enhance the ability to better predict
reservoir quality. Ultimately, the aim was to provide a set of rules for the use of PIA to
effectively measure porosity using the optimum magnification and the optimum
number of fields of view.
Using PlA, an investigation was made to determine whether a sub-set of
porosity measurements could be collected which might then be upscaled to fully
describe porosity distribution. lf this were so, there might then be an optimum
pattern of the data collected to allow consistent porosity upscaling.
Chapter One: Introduction
Core analysis (porosity and permeability) was conducted across three feet of this
sandstone, which was obtained from within a total of 7 feet of core. The three aspects
to the study were:
a An investigation of the uses and usefulness of PlA.
a
The aim was to determine whether the data could be applied to upscale porosity
distribution by using statistics such as kriging to recreate thin section porosity,
essentially producing a 2-D map of porosity. This would allow factors such as the
most appropriate scale (magnification) to measure porosity distribution to be
determined, along with the magnification that best defines a semi-variogram (part of
kriging) that can then be used to assist in interpolation.
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a The use of PIA to describe cement distribution in a clean quartz arenite
The origin and controls on the distribution of quartz cement are still subject to
disagreement and debate (Worden & Morad, 2000). Within the Hutton Sandstone
samples, quartz cement and the primary quartz grains that constitute the framework of
the rock are essentially the inverse of porosity, i.e. what is not quartz or quartz cement
is porosity. By using PlA, it was anticipated it would be possible to determine the way
in which cement invades reservoir sands.
2I
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Chapter 2 STUDY METHODS AND MATERIAL
2.1 MATERIAL
One metre of core had been collected from the Hutton Sandstone between depths of
1852.5 to 1854.8 metres in Gidgealpa-17 for a porosity-permeability study by micro-CT
analysis. Since only a very small sample was used for the micro-CT study, the
remainder was available for this study on reservoir heterogeneity.
2.2METHODS
2.3 SAMPLING
The core had already been chosen, from which one piece was sent (0.5cm3) for micro-
CT scanning. The full oil field core obtained for sampling had a 1-inch continuous
verlical plug or sub-core cut through it (Figure 2.1), which was sampled prior to the
commencement of the project. From this sub-core, 14 thin sections were cut. The thin
sections were cut end on end to give as near as complete continuous coverage of the
core as possible. The remaining core already had routine core plug analysis (RCA)
porosity and permeability data available. The sub-core was all sandstone.
Unfortunately, it is not continuous across the entire interval because of thin silt
interbeds, while the core from which the piece was sent for micro-CT scanning was not
available for thin section analysis after preparation for scanning.
2.4 THIN SECTION PREPARATION AND ANALYSIS
Thin sections were prepared by Pontifex and Associates in Adelaide and were
examined using an Olympus BHT petrographic microscope, to which a Video Pro 32 rM
image analyser was attached. The samples were cut perpendicular to the bedding
plane and each slide was impregnated with blue-stained araldite prior to thin section
preparation to facilitate description of porosity. Quantitative estimates of sandstone
mineralogy (quartz, clays, feldspar, and cement) and porosity (including microporosity)
were determined by area counts using petrographic image analysis (PIA),
Photomicrographs were taken of all representative features of the thin sections using
an Olympus camera on an Olympus BHSP Microscope. Traditional point counting
was also conducted for two of the samples to check the accuracy of the PIA technique.
The point count included quartz, feldspar, matrix, porosity, quartz cement and kaolin.
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G17 Hutton Sandstone:




Sub core (vertical plug)
missing from micro-CT analysis
Vertical Plug:
thin sections, MICP, pore cast data
obtained from this
1 854.8m
Figure 2.1: Schematic diagram of Hutton Sandstone core showing the depth, along with the position of
thin sections obtained from the continuous vertical plug. The missing core is situated near the centre of
the core. The numbering system was chosen to represent cross bed units (1 and 2), the pieces of core
within those beds, (a-g) and the thin sections cut from each piece (i-ii, upper and lower).
2.5 PETROGRAPHTC |MAGE ANALYSTS (PlA)
2.5.1 Description of Technique:
Computer assisted analysis of microscopic images provides a means of making rapid,
quant¡tative measurements of features observed in thin section. The software allows
extraction and measurement of image features and provides a quantitative description
of an image as numerical data. ln this study, the PIA technique on thin sections was
used in conjunction with point counting to evaluate relationships between porosity and
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PIA can provide quantitative data on the size, shape and number of pores exposed in
the thin section, which can then be correlated with petrophysical properties (Ehrlich &
Davis,1989). The principle of PIA has been described by Ehrlich et al., (1984) and
Ehrlich and Davis (1989). Figure 2.2 shows the equipment set-up used for PlA. The
colour video camera is attached to an Olympus rM BH-2 transmitted light microscope.
The colour video camera acquires thin section images through the microscope, which
were analysed by Video Pro 32 rM software connected to the camera/microscope.
This allows real{ime computer screen display of video images of thin sections. The
software allows extraction and measurement of image features and provides a
quantitative description of an image as numerical data.
Figure 2.2: Basic set up of PIA system showing the microscope to the right with video camera mounted
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ldentifying the pixels associated with a particular rock component (mineral, rock
fragment, porosity etc.) permits the creation of a binary image wherein light intensities
of the component pixels are discriminated from the rest of the image using a threshold
colour code (red for instance). The fraction of each component in each field of view
was then determined from the ratio of the number of component pixels to the total
number of pixels in the field of view.
It is important to recognise however, that computer assisted PIA is simply a
measurement tool and that no measurement is necessarily "correct". The resulting
data can be influenced by a multitude of factors, particularly operator bias. Therefore,
it is important to consider the whole image analysis system as an instrument that
needs regular checking for the results to be reliable (Video Pro 32 Manual).
2.5.2 Process to determine Porosity:
The methods used to quantify porosity heterogeneity are included in Chapter 4. To
determine porosity, the image analyser projects the live image of the thin section onto
the screen. The steps outlined below are specif ic to the Video Pro 32 software used
for this project but the principles are common to all image processing.
STEP 1 - lmaqe Preparation: The image must be frozen prior to processing; this
allows various parameters, not restricted solely to porosity, to be measured from the
selected image field of view (e.g. mineralogy). lmage freezing allows measurement of
parameters even if the thin section is moved on the microscope stage. To freeze the
image, lhe Freeze option from the lmage toolbar dropdown menu (on the main screen)
is selected (Figure 2.3).
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Figure 2.3: Menu screen of PIA software (Note that the Image selection is on the far left)'
STEp 2 - Selection of parameters: The image analyser works by transmitted light
colour or intensity recognition. By choosing Se/ecf from the Colour menu (Figure 2.4),
porosity in the field of view can be sampled by using the mouse to click within the blue
porosity regions on the screen image. Within lhe Cotour Select box that appears, by
selecting Detect, the porosity should then be detected and highlighted in red as an
overlay.
Figure 2.4: Colour Select Box. The colour indicated at the top right is the current selection the PIA is
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Errors in the porosity selection process (e.g. variations in staining of the thin section)
and boundary sampling mean that all of the porosity is not always perfectly covered.
This requires the image to then be processed, which is done by selecting Process
from the Binary menu bar (Figure 2.5).
Figure 2.5: Binary Process Box with functions that permit the user to alter the overlay
This processing method allows the selection to be altered manually. By using the
Erode function within this same menu box, the boundary overlay is smoothed and
shrunk by one pixel. Conversely, the Ditate function expands the overlay by one pixel.
The C/ose operation closes holes and gaps by dilation to join the edges and
subsequent erosion to restore the area to the original size. The result is a 'closed'
version of the original overlay (Video Pro 32 manual). The Binary Clean function and
Binary Median functions are similar. The difference between them is that lhe Binary
Ctean function only smoothes positive binary pixels, i.e. holes in the overlay do not get
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Another way of highlighting the porosity is by using the lmage Hístogram option
(Figure 2.6). This enables the intensity of the image to be displayed as a histogram,
thus providing an option for particular colour ranges to be chosen for observation.
tr'igure 2.6: The image histogram box is another method to analyse particular colours.
STEP 3 - Measurement: To measure the porosity as a percent, the Fraction option
from the Data Setecf menu must be chosen (Figure 21 (i)). This places the fraction
selection as the computer's current calculation option. View is selected from the
Measure menu (Figure 2.7 (ä)), and then Fraction, from the new box that appears'
This activates the computer's ability to calculate the fraction of pixels selected
compared to the total number of pixels on screen. The resultant calculation will be
















Figure 2.7(.1 Figure 2.7(¡i)
Figure 2.7 (i): Data Selection box which provides the various options that might need analysing.
Figure 2.7 (ä): View Measurement box. The current selection indicates that lengths are about to be
measured, which would require changing to fraction to detennine porosity as a percentage.
2.5.3 Process to determine Grøin size and Pore size:
The same process is used to calculate both the grain size and pore s¡ze of the
samples. Although it is not essential to freeze the image to measure line lengths using
PlA, it is a good habit to freeze the image before commencing calculations. This
prevents any troubles if the thin section is moved accidentally resulting in that field of
view being altered.
ln calculating lengths using PlA, the field of v¡ew must be calibrated according to the
magn¡fication. This is done under the Dafa Calibrate tool bar (Figure 2.8). This allows
both the horizontal and vertical dimensions to be calibrated for the selected
magnification because the aspect ratio of the field of view changes with variation in
focussing currents on the video display. Each objective lens needs to be calibrated.
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C a libratio n
Figure 2.8: Data Calibrate Box showing that lengths will be measured in microns, while the two
horizontal affows besides X and Y allow the user to calibrate according to the magnification being used.
Following calibration of the field of view, Length is selected from the Data Se/ecf
menu. Then, under the View Measuremenf menu, Length must again be selected as
the computer's current calculation option. lt is now possible, under the Measure menu
toolbar to select Measure Line. Using the mouse, the Measure Lrne selection then
allows lines to be drawn across individual grains or individual pores, along side of
which the length is given in microns. lt is then possible to store these data by using
the available statistics package in conjunction wilh Data Ner,v from the menu bar (see
Video Pro manual).
The image analyser was used to measure the long dimensions of approximately 200
to 250 quartz grains and 100 to 150 pores per thin section. This was done so that a
more representative average of grain size and pore size was obtainable from each thin
section.
2.5.4 Process to determine Quartz cement:
The PIA technique is unable to distinguish between primary quartz grains and quartz
cement because they share the same colour, hence the colour recognition technique
is of no assistance. Therefore, the process to estimate the amount of quartz cement in
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each field of view must be done manually. Selecting the Draw function from the Edft
menu allows manual drawing on the field of view (Figure 2.9), allowing an overlay to
be drawn manually on screen using the mouse to control the position of the overlay. lf
Cover is selected, altering the value under the size box changes the size of the
drawing instrument. Errors can be corrected, but they too must be corrected manually
by using the Erase option.
Figure 2.9: The edit draw box allows the user to manually edit the overlay of the image' The overlay
can be covered further, or have inaccurate information erased.
2.5.5 Cement cluster analysis:
There were two methods employed to study the clustering of quartz cement using the
image analyser.
Method 1-Evidence of clusterinq bv pore selection
Performing an iterative Erosion-Dilation sequence on a binary overlay (explained in
Chapter 5: Cement Emplacement), results in the removal of small pores, leaving only
large primary pores. This overlay discriminates between areas on the thin section that
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Method 2 - Evidence of clusterinq bv total quartz selection
The production of a binary overlay of the total quartz in the thin section (the sum of
framework quanz grains and quartz cement), allows easy identification of the shape of
the porosity compared to quarlz arrangement. This technique is the same as Method
1, but is just a different way of highlighting the clustering, essentially producing an
inverse image of that produced by Method 1. The actual process of creating the
binary overlay is the same as above.
2.6 CATHODOLUMTNESCENCE (CL) MTCROSCOPY
Cathodoluminescence Analysis was conducted on three of the fourteen samples using
a Patco ELM-RX Cathodoluminoscope (CL) on a Leitz Orthomat E automatic
microscope. These three samples (G17: laii upper, 1fi, and 2aii) were selected
because they were from parts of the core with differing porosity. CL petrography is a
sophisticatecl technique for analysing carhonate ancl quartz cement stratigraphy.
When minerals are excited by high-energy electrons, some of the minerals emit visible
light, called Cathodoluminescence, in response to the presence of various impurities
(excitors and/or enhancers) or defects in the crystal lattice (Miller 1988). CL analysis
helps indicate the various cements in relation to each other and aids in the
interpretation of the diagenetic sequence for the samples and the region. ln this study,
the primary use of CL was to identify the quartz overgrowths within the samples and
compare these data with previously point counted data. Electron gun voltages and
beam currents ol 14 kV and 0.67 mA respectively were used whilst the unpolished thin
sections were held under vacuum between 60 and 70 milliTorr. CL photomicrographs
were taken at 2 to 4 minute exposure times in integral metering mode wilh Kodak
Ektapress 1600 ASA film.
2.7 SCANNTNG ELECTRON MTCROSCOPY (SEM)
The detailed examination of mineral morphology, grain-cement relationships and pore
geometry are greatly enhanced by scanning electron microscopy. SEM studies were
carried out on four of the available fourteen samples. The samples G17:1ai upper,
1dii, 1fi and 2ai were selected because they were spread across the core and thus,
are likely to reflect the range in composition of mineralogy and porosity. Samples 1ai
upper and 2ai were located within cross-bed sets 1 and 2. Blocks 5mm x 5mm x 3mm
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were glued to aluminium pin-type stubs then coated with carbon and gold/palladium
(according to methods byfTrewin, 1991)), to study the texture, authigenic minerals
and in particular for the pore casts, to study the pore types, from which stereographic
images were created using the computer-assisted stereo function. A Philips XLS)field
Emission Scanning Electron Microscope (FESEM) was used at the University of
Adelaide Centre for Electron Microscopy and Microanalysis (CEMMSA).
2.8 MERCURY TNJECTION CAPILLARY PRESSURES (MICP)
Mercury injection capillary pressure was used primarily to obtain the pore throat size
distribution for five of the available fourteen samples. The samples (G17: 1ai-low, 1ai-
upper, 1dii, 1fi and 2ai) were selected because the core variation is reflected within
them, and four of these same five samples were then selected for pore cast analysis.
The mercury injection was conducted to constrain the pore throat diameters, which are
controlled by the size and arrangement of pores and throats, which in turn, control
porosity and permeability (McOreesh et â1., 1991), Mercury-injection capillary
pressure curves provide additional information on the size distribution of pore throats.
This information is related to the size of pores and throats, when measured directly
from the pore casts. This technique was also used in conjunction with data obtained
from pore cast analysis to calculate the recovery efficiency of the reservoir. Mercury
injection capillary pressures were measured using a Micrometrics Autopore 9410
Mercury lnjection Porosimeter at Amdel Corporation, South Australia.
2.9 PORECAST ANALYSIS
A rock impregnated with plastic serves the multiple purpose of providing material for
thin sections, pore casts, and pore cast-thin sections (Pittman & Duschatko, 1970).
Pore casts were prepared for four of the available fourteen thin sections from samples
(<1cm3) that were impregnated with blue dyed epoxy resin. Each sample was first
impregnated within a pressure chamber. A vacuum removes the air from the pores,
and then pressure is applied to allow the plastic to harden. The pore cast is then
made by slowly dissolving the rock impregnated with plastic in acid. Silicate minerals
require careful use of hydrofluoric acid.
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Pore casts can be examined readily under binocular, petrographic and light
m¡croscopes, although they are best examined using the scanning electron
microscope (SEM). The SEM is unsurpassed for illustrating pore casts because of its
high resolution and depth of field. The SEM displays the secondary electrons
produced via excitation from an evacuated high-energy electron source in three-
dimensions, This enables the operator to effectively view the pore cast as a highly
magnified specimen, focusing on the pores and pore throats.
Each pore cast was split into 1cm3 with the surface split perpendicular to bedding and
mounted on an aluminium stub using araldite as the mounting medium. Carbon-Gold/
Palladium conductive double coating was used on the four samples prior to study
under the SEM.
Paired stereo photographs taken with the SEM were ideal for the study and illustration
of pore casts (Pittman & Duschatko, 1970), and as mentioned, these can now be
made with ease using the SEM in-built stereo function.
2.10 GR SORT - GRAIN SIZE DETERMINATION
The grain size data obtained from thin section using the image analyser was used in a
program developed at the NCPGG, called GRSORT. This program converts the 2D-
grain size distribution obtained from the thin sections into the equivalent of a sieve
analysis. The reason for the difference between the two distributions is that the grains
in the thin section are cut at random points along their axis, and not necessarily at their
maximum thickness (see Appendix 1 for theory). The data obtained from the image
analyser were taken and converted to digital format. These data were then
subsequently placed into the Unix system where the GRSORT program is located.
2.11 PHOTOGRAPHY
Photographs were taken of each thin section using a Minolta X300 Camera and a
Tamron 90x Tele Lens with a 2:1 macro facility. The photographs were taken using
low angle illumination, while photomicrographs were taken using the image analyser
and stored as digital images.
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Ghapter 3 THE HUTTON SANDSTONE
The Jurassic Hutton Sandstone is both a major aquifer and an oil reservoir in the
Eromanga Basin, which is part of the larger Great Artesian Basin. The Eromanga
Basin extends over parts of South Australia, Queensland, New South Wales and the
Northern Territory as shown in Figure 3.1, while Figure 3.2 shows the location of the
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Figure 3.1: Location map showing the outline of the Eromanga Basin within Australia.
The Hutton Sandstone is predominantly a thickly bedded, relatively uniform, quarlz
arenite to occasionally rock-fragment-rich, pebble-dominated conglomerate. Quartz
grains are usually monocrystalline with sMdght extinction although small amounts of
polycrystalline and strained quartz may be present (Boult, 1996).
t
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Figure 3 .2: LocttionmEr of the Cooper Basin showing - the position of the Gidgeaþa field/well.
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Reeves (1947) first used the name Hutton Sandstone for outcrop in the Surat Basin in
Queensland. The Hutton Sandstone intertongues with the Poolowanna Formation in
the Cooper Basin region and, where the Poolowanna Formation is absent, lies
unconformably on Cooper and Warbufton Basin units. The unit intertongues with and(J\e
is overlain bvnBirkhead Formation (Watts, 1987), and is restricted tothe subsurface in
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Figure 3.3: Stratigraphic column showing Eromanga Basin and the relationship with the underlying
Cooper Basin (Kantsler e/ al., 1983).
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The Jurassic Hutton Sandstone is a continent-derived bed-load fluvial system as
defined by Schumm(1977), but despite being dominated by medium to coarse sand,
does not behave as a large, homogeneous tank in which vertical migration of oil
occurs uninhibited by the aquifer.
The Hutton Sandstone is now recognised as containing numerous thin, but
widespread shale units, deposited during lacustrine flooding events that periodically
interrupted episodes of coarse clastic deposition (Hamilton et al., 1998).
The Hutton Sandstone was deposited above a major unconformity during which time
the tops of previous basins in the area were eroded and the Jurassic basins took on a
new, more widespread geometry, allowing reworked sediments to be mixed with
craton-derived quartz-rich sediments.
While early geological models assumed a braided fluvial system with transport to the
east and northeast from westerly sediment sources (e.9. Moore et al., (1986), Watts
(1987)), Wiltshire (1989) pointed out that such a high-energy fluvial regime "would
certainly have required a substantial drainage exit and there is no evidence of such
anywhere in the eastern Eromanga Basin". As an alternative to the wholly braided
fluvial model, Wiltshire (1989) proposed that braided streams transported sand into the
basin. The sand was then distributed across the basin by aeolian and lacustrine
processes (Wiltshire, 1989). The closest modern analogue for Hutton Sandstone
deposition is suggested to be the essentially unconfined bed-load fluvial transport of
the Canterbury Plain of New Zealand (Hamilton et a\.,1998). These authors also point
out that the lateral extent and the bedding character of the Hutton Sandstone suggest
that river flow was essentially unconfined across a broad alluvial plain.
Further information regarding the structure and exploration history of the Eromanga
Basin is included in Appendix 2.
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3.1 GIDGEALPA-I7: PLUG ANALYSIS
Core plug porosity and permeability data across the chosen Hutton Sandstone interval
is limited by the small interval of core used in this study. Appendix 3 displays where
the core plugs were taken from the core along with their corresponding core porosity
and permeability. Table 3.1 is the tabulated core plug porosity and permeability data,
obtained from the PEPS Database.
Measured core porosities for the selected interval range from 20.5% through ïo 24.2'/"
(Figure 3.4), with permeabilities ranging from 71Omd through to 1530md (Figure 3.5).
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G17: Hutton Sandstone Core plug porosity (ffiA) vs depth
15 € 21
Porosity (%)


















Figure 3.4: Corc porosity (RCA) versus depth (PEPS database).
Gl7:Hutton Sandstone Core plug permeability (RCA)vs depth
P ermeability (md)




















Figure 3.5: Core permeability (RCA) versus depth (PEPS database).
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3.2 DIAGENETIC HISTORY
The diagenetic history of the Hutton Sandstone samples in this study is
uncomplicated. After sedimentation, the only visible cements in the samples are
quartz overgrowths (Figure 3.6 (a-e)) and pore-filling authigenic kaolinite (Figure 3.7
(a-e)). The quartz overgrowths are clearly visible in the photomicrographs where a
dark rim exists around the framework grain, and are more pronounced under CL.













Figure 3.6 (a): Plane polarised light photomicrograph frorn thin section G17 laii-upper showing
polygonal primary pores between quartz overgrowths (O). The quartz overgrowths are clearþ visible
where adarkrim outlines the framework grain.
200
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Figure 3.6 (b): SEM image from sample GI7 lfi at relatively low magnification showing the crystal
faces of thin authigenic overgrowths on qluartz grains.
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Figure 3.6 (c): SEM image from sample GI7 lfi at a similar magnification as (b). Some quartz grains do
not-dévelop overgrowths. There is a light dusting of kaolinite platelets on some grains with loosely
packed kaolinite booklets in some pores.
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H
Figure 3.6 (d): CL image from thin section GI7 2aä. The pastel blue and pink colours show framework
ql"mgrains; the brlght blue indicates patches of kauliu wlúle the quartz cement is thc dark rim on tho
framework grains.
F
Figure 3.6 (e): Same field of view as (d) above viewed under plane polarised light. This standa¡d
presentation is used as a reference for the CL image.
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Figure 3.7 (a): Plane polarised light photomicrograph from thin section G17 lbi showing authigenic
kaõünite filling primary porer. A lack of quartz cement is visible where kaolinite appears, however,
often an intergrowth of kaolinite and quartz occurs (P).
Figure 3.7 (b): SEM image from sample Gl7 lai-upper showing kaolinite infilling pores and coating
qlulartz cemented quartz grains.
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Figure 3.7 (c): SEM image from sample GI7 lai-upper at the same magnification as (b) above showing
more loosely packed kaolinite filling pores and coating grains.
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Figure 3.7 (d): CL image from thin section Gl7 2a\. The pastel blue and pink colours show framework
qlar¡gt"i"r; the brighi blue indicates patches of kaolinite that luminesces so brightþ that it appears to
óccludã all porosity. Quartz cement is the dark rim on the framework grains.
*-17|T-
Figure 3.7 (e): Same field of view as (d) above viewed under plane polarised light. This standard
presentation is used as a reference for the CL image.
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From all thin sections, the average composition obtained by PIA is included in Table
3.2.
TABLE 3.2: Average composition obtained by PIA for all thin sections
Quartz overgrowth s: <47o
Kaolinite:67o
Porosity: <2I7o
Monocrystalline quartz grains : <'7 IVo
3.3 PETROGRAPHY OF THE HUTTON SANDSTONE
3.3.1 TEXTURAL PETROGRAPHY
The grain size is quite consistent throughout the fourteen samples. Some larger
grains are observed, as is common in fluvial sandstones, Grain size data were
collected and histogram charts produced for all samples, while samples 1ai and l aii
are displayed as Figure 3.8 (a-b). The samples are medium to coarse-grained, clean
quartz arenites. Histograms of the remain¡ng samples are included in Appendix 4'
Histograms of pore sizes for samples G17 1ai upper and laii upper were also
produced and are displayed along with the grain size charts (Figure 3.9 (a-b))'
Histogram charts for the remaining samples are included in Appendix 5. To determine
sorting, the grain size data were converted to the phi scale by using GRSORT
(Appendix 6). Using the normal phi standard deviation sorting scale (Mcmanus, 1988),
sorting ranges from moderate to moderately well sorted.
3.3.2 COMPOSITIONAL PETROG RAPHY
PIA was conducted to quantify mineral composition and thin section porosity for all
samples (Appendix 7), while two of these samples (1aii upper and 2aii) were point
counted using more traditional methods to check the accuracy of the PIA analysis
technique (Appendix 8). The traditional point counting was also conducted on these
two samples to get a more accurate estimate of the quartz cement in the rocks. This
technique is required for cement calculation because PIA is unable to automatically
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distinguish between primary quaftz grains and quartz cement in the form of
overgrowths as the technique uses colour recognition. The quartz cement values
obtained by PIA were done manually (see Chapler 2 - Methods and Materials).
Determining the amount of quartz cement using PIA is likely to be less accurate
because the operator must not only be able to recognise and identify all the quartz
cement, but must also be able to accurately highlight its shape using the mouse.





















Figure 3.8 (a-b): Grain size histogram distribution charts for samples G17 lai-upper and laii-upper
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Figure 3.9 (a-b): Pore size histogram distribution charts for samples G17 1ai-upper and laii-upper.
The main component of the Hutton Sandstone samples is quartz. The proportion of
total quartz (including quartz cement) in the samples ranges from 72o/o to78o/o, with an
average of 74.4o/o (Table 3.2). The next most significant component is authigenic
pore-filling kaolinite, ranging from 2o/o lo 2OYo, but with an average of 6%'
(b)
Grain size Histogram: Gï7 1ai
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The remainder ç"' I each sample is predominantly porosity, with the average thin
section porosity being 20.8% (Table 3.2).
3.3 HUTTON SANDSTONE POROSITY DISTRIBUTION
Three types of porosity were observed in the Hutton Sandstone samples. The most
common type of porosity was primary intergranular porosity. The other types
observed include secondary pores and micro pores.
Primary lntergranular Porosity was present between the euhedral faces of quartz
overgrowths (Figure 3.6 (a)), but in tightly cemented regions, these pores were
drastically reduced. Primary porosity usually occurs in quartz-rich sandstones where
early quartz cementation has led to a strengthened framework that limits the effects of
further compaction, thus preserving porosity. Sandstones that are rock-fragment rich
have far less primary porosity due to greater effects of compaction on the more cltrctile
rock fragments.
Secondary Porosity was not prominent, however it was observed as the product of
unstable-grain dissolution of feldspar (Figure 3.10). The amount of secondary porosity
is minimal,
50
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200
Figure 3.10: Dissolution of feldspar grain (F) produces secondary porosity. Note the authigenic
kaolinite (Ç and qtarlzovergrowths (Q) forming nearby (Sx-mag, scale bar is in microns).
Micro-poros¡ty was present in kaolinite masses (Figure 3.7 (a-e) and Figure 3'11).
The concept of micro-porosity within clay minerals was introduced by Neasham (1977)
and Pittman & Thomas (1978). Micro-porosity is included in calculations of porosity in
this study as PIA is able to observe the presence of some p"I9,tJl5#l[,j]the kaolinite
masses, although it is acknowledged that it is not possible for alljo be imag"ed'
Porosity within areas filled with kaolinite ranged from 10% to 30% estimated by using
images produced by PIA at high magnification that were filled with kaolinite and
calculating how much porosity existed within each area. Á study done by Rezaee &
Lemon (1997) on the Tirrawarra Sandstone calculated porosity within kaolinite masses
al 2Oo/o, while Hurst & Nadeau (1995) determined, using backscattered electron
micrographs, that kaolinite has average microporosity of 43o/o, with vermicular types
ranging from 45Yo to 50% while blocky forms ranged from 15% to 30%'
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Figure 3.11: Thin section G17 lc showing tightþ packed authigenic kaolinite frlling primary porosity.
Porosity within the kaolinite ranged from 10% to 30Yo of the total kaolinite area (5x-mag, scale ba¡ in
microns).
3.4 CEMENT ANALYSIS
3.4.1 ORIGIN OF CEMENT
Quartz, in the form of syntaxial rims, is the co-dominant cement in the Hutton
Sandstone samples (Figure 3.12) along with kaolinite (Figure 3-13). Quartz cement
grows via both homogeneous and heterogeneous nucleation mechan¡sms.
Heterogeneous nucleation is the most common procesfevidenced by the domination
of syntaxial quartz overgrowths relative to crystallisation of pore-filling, discrete quartz
crystals.
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Figure 3.12: Photomicrograph frorn thin section G17 lai-upper showing quartz overgrowths (O), visible
by the dark rim, surrounding framework grains.
Figure 3.13: Photomicrograph fiorn thin section G17 ldii showing authigenic kaolinite (K) filling
porosity. Quartz overgrowtñs (O) are also visible by the dark rim surrounding the framework grains
(scale bar applies to both micrographs).
Some quartz cement occurs as an isopachous overgrowth. However, some rocks
have quartz outgrowths rather than overgrowths (McBride, 1989). Outgrowths are
pronounced localised projections into the pore rather than rims around the majority of
the detrital grain. They are also syntaxial, but they tend to occupy the adjacent pore
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Cathodoluminescence (CL) imaging work carried out by Hendry & Trewin (1995) and
Hogg et al., (1995) indicated that multiple nucleation sites might occur followed by
competition for space during subsequent cement growth and dominance of one
particular nucleus as the overgrowth developed.
There are two essential controls on quartz cementation. There must be a
thermodynamic driving force, i.e. an overall reduction in the free energy of the system'
However, for this to occur, the rate of that process must also be favourable' The
overall rate of quartz cementation is related to three linked steps, which must occur in
series. These are described in Figure 9.14, which is a schematic diagram from
Worden and Morad (2000) that shows the geochemical controls on quartz
cementation.
!liUll ii¡llí)\U!C
nnrl t.r¡r tl l(
{L:'n}tìliìltle ¡r!d 'JLnd
:iltiorrrtl :rrrd lt pc
'1eli1n¡r¡1
rhcnìi5tr l lìisl(ì11'
r¡l rtlcti'. c cl;rr,:
¡r r:.rinril.v oi iiiuLiirti:iir cr.¡oriir:r,'Ì;iiii
cr¡¡l tccltd;:.'s¡- I Ll ri,lePa r r; uì¡sl¡r jùì
¡ttrssur+ grililitrtl
¡:.:r ilelhì liiv oi s¡ndrlo:ii:
llu iil satur,ilio:¡ ¡ttcl rr'ilrtive pcrrtrt:lthÍìilr,
'!i\iiLtt(( llr:rìt i\i' ril;ll.'rlr r \i,:r:.1
Iocil co¡ccrrtnlit n trrdient
rock ilrl¡ric ( tcrr l¡,rr¡,'t'. ¡rorositv t
Ítriii sLrtLrr;Llion trvctl¡bilit f j
ililTLriion ì'lttc. i tcrni)crirtu rri
l¿mIe rtrlLil J
sl¡furi:lii:r sfrtr ()l I'lù.iri
tÌeiritll ¡Lüi* e.lporLire
liltì111i:iitiIrf
drtrit;l r¡Lrlrt;t g;ait: t-vpe
;rnrjil¡en¡ainirrflueniesonlhrraicol'tircsckevsceor;Jrrryccrilrl-r¡ruìjsterj 0nthcrì-qìli olihcilirgrem ( )
Figure 3.14: Schematic diagram taken from 
'Worden and Morad (2000) showing the geochemical
controls on quartz cementation.
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Development of quartz overgrowths involves the transfer of silica onto grain surfaces,
accompanied by the displacement of fluid occupying those locations (Prince & Ehrlich,
2000).
Quartz cementation in sandstones is driven by the redistribution of silica. There can
be multiple sources of SiOz for quartz cement in sandstones. McBride (1989) lists 23
silica sources from a literature review, Figure 3.15 is a schematic diagram taken from
Worden and Morad (2000) explaining the general sources of quartz cementation.
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Figure 3.15: Sources of silica cement modified from Worden and Morad (2000)
The most likely sources of silica for cement in the Hutton Sandstone are discussed
below:
3.5 INTERNAL:
3.5.'l Alteration or Dissolution of Feldspar Grains
Dissolution of feldspar ¡s reported as a silica source for quartz cement (Fothergill
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feldspar forms kaolin and an excess of silica is released during this reaction. The
reaction in the case of potassium rich feldspar is:
2HzCOs+ HzO + 2KAlSlgOa ) AlzSi2Os(OH)4 + 4SiO21"q .¡ +2K+ + 2HCOg-
ln this react¡on, 1cm3 of K-feldspar yields 0.43 cm3 of quartz and 0.46 cm3 of kaolinite.
All reactions that involve the growth of clay minerals (such as kaolinite and illite) at the
expense of feldspar lead to silica-release and thus the potential for quartz cementation
(Worden & Morad 2O0O). There is very little feldspar seen in these samples of the
Hutton Sandstone. It can be assumed from this that either they were not abundant
during depositiOn or have been removed by alteration. The abundance of authigenic
kaolinite, often clumped into areas about the size of the framework grains, suggests
that during deposition, feldspar may have been an important detrital component.
3.5.2 Pressure Solution
It has been documented by various authors, including Heald (1955), Oelkers et al.,
(¿996), WaTdschmidt (1941), that pressure solution of quartz grains at grain contacts
can be an important source of silica. However, according to Stephan (1970), it
appears to be more extensive in finer-grained sandstones'
3.6 EXTERNAL
External sources of silica include rocks adjacent to sand bodies (mudrocks encasing
sand bodies) hence, transport may be on a much laiger scale (tens of metres to
kilometres) and may include other deeply buried sandstones, deeply buried mudrocks,
granite intrusions or basement rocks (Worden & Morad, 2000)'
Another poorly understood facet of quartz cementation is its duration. This issue is still
unresolved, with the two arguments being that it is either (i) a prolonged process that
occurs slowly over a very long period of time or (ii) an episodic process in which short
bursts of activity are punctuated by long periods of quiescence (Worden & Morad
20OO), According to Worden and Morad, both scenarios may occur depending upon
the details of the lithology and burial -, temperature- and fluid-evolution histories.
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3.7 CASE STUDIES
Work done by Giles et al., (2000) showed that it is not possible to import large
quantities of silica into the reservoir. They concluded that the source of silica for
quartz cementation must be derived from within the sandstone or directly adjacent to
it. Their work also showed that quartz cementation follows similar patterns worldwide,
suggesting that quartz cementation is controlled by fundamental processes that are
common to all basins.
Land & Milliken (2OOO) studied regional loss of SiOz and CaCOs and the gain of K2O
during burial diagenesis in Gulf Coast, USA, mudrocks. Their work in this area drew
the conclusion that mudrock diagenesis is an open system, which raised two
interesting questions. First, were the gains/losses evidenced in the mudrocks
balanced by losses/gains in nearby sandstones? The answer to this question in their
study appeared to be 'No', however it was noted that available data may simply be
insufficient to support such a conclusion on a basinal scale. Work done by Gluyas ef
a/., (2000) on the Brae Formation sandstones of the Miller Field (UK Continental Shelf)
indicated mudstones interbedded with the sandstones lost (exported) silica during
diagenesis. ln their study, the volume of silica exported from the mudstone matches
that imported by the sandstone. The answer to Land and Millikens' second question
about how the mass transfer of ions actually takes place was also unclear. lnsufficient
chemical gradients exist in formation waters to enable diffusive transport over the large
distances that characterise the sand-mud system (Land & Milliken, 2000).
Prince and Ehrlich (2000) studied various sandstones that had been subjected to a
variety of temperatures, pressures and pore-water chemistry regimes. They
discovered that, in spite of the range in environmental factors, plots of these variables
exhibited smooth trends over the range of studied porosity, implying that these
environmental factors might not play as significant a role in quartz cementation as
previously theorised (Prince & Ehrlich, 2000). Hence, there is still much debate as to
the origin and movement of silica used for quartz cementation.
Within the Hutton Sandstone samples, the estimated quartz overgrowths range from
2o/olo7.4% of the entire thin section, with an average of 4"/" (See Table 3.2). The
average amount of quartz cement calculated by point counting (done manually by
5l
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indicating what is seen under the cross hairs of the microscope and then mak¡ng
incremental moves of 1mm) under the microscope of two samples was 7o/o. This is
higher than the value obtained from PlA, but was expected due to a smaller chance for
operator error.
Table 3.3 compares components that were measured using PlA, point counting and
point counting done using a smm grid across a CL photomicrograph (Figure 3.16), a
technique which allowed for clearer identification of quartz cement.
s.* 1..- lail
TABLE 3.3: A comparison of the results obtained from the three methods used to estimate rock
petrology. It is evident from the data that PIA tends to overestimate each individual component because
the total obtained from the 14 thin sections sums to 1087o. This is a result of (a) overlap occurring
when producing an overlay for quartz and porosity, and from these overlays, (b) rounding, because PIA









COMPONENT PrA (%) Point Countinq
(%l:
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Figure 3.16: CL image showing the Smm-overlay grid used to calculate the quartz cement by point
counting. 5o^l l* t a if (u¡¡rz/
When using the point count¡ng technique across a CL micrograph, the values obtained
matched those obtained using PIA and point counting across a plane polarized light
micrograph, except for quartz cement and porosity, which were both higher' The
average amount of quartz cement calculated from the two samples was 12.4o/o, which
is considerably higher than the average taken from traditional po¡nt count¡ng which
was 7Vo. This difference can be understood by comparing the CL micrograph from
sample 1fi (Figure 3.17 (i)) with the same micrograph but under plane polarised light
(Figure 3.17 (ii)). The CL image highlights the cement within the sample that could not
be distinguished under plane polarised light.
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Figure 3.17 (i): Thin section Gl7 lfiunder CL. Note the brightly luminescing kaolinite, which qppeaß
tolcclude uii pot" space, while the qtafiz, cement is clearly visible as overgrowths (O) surrounding
nrany of the primary qvartzgrains (scalc bor is in miorono).
-õõ-
Figure 3.17 (ii): Thin section Gl7 lft under plane polarised light. Where dark overgrowth rims are not
prõnounced is where quaftzovergrowths will not be recognised (scale bar in microns).
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It is suggested that the increase in calculated porosity using this technique is a result
of using the CL micrograph, which does not allow for clear recognition of porositp Any
remaining variation is likely to be the result of the data being collected from different
fields of view.
The cement analysis study indicated that PIA is a technique deficient for estimating the
amount of quartz cement in a rock. This was due to the software's inability to
distinguish between the quartz overgrowths and the primary quarlz grains, which are
the same colour. The results suggest that point counting a CL image provides a more
accurate estimate of quartz cement. The other two methods (PlA and regular point
counting) underestimate quartz cement because, when a positive identification is not
made, both methods assign the point to the component with the larger percentage, i.e,
framework quartz.
For rock characterisation study it is recommended that PIA be used to identify mineral
composition and porosity. For cement analysis, CL micrographs used in conjunction
with the PIA system would allow overlays to be created from which accurate amounts
of quartz cement could be assessed. lf this were not possible, then CL micrographs
would require point counting.
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Chapter 4 POROSITY ANALYSIS
4.I POROSITY MEASUREMENT
euantification of the heterogeneity (study of the porosity distribution) in the clean
quartz arenite of the Hutton Sandstone reflects the measure of the change in lithology'
grain size, sorting and cementation. Variation in any of these variables will be reflected
by changes in PorositY.
To quantify the heterogeneity of porosity in the sandstone using PlA, three separate
continuous strips of porosity area measurements were taken along the length of each
thin section. This was done using the 4x-magnifìcation objective lens resulting in a
field of view with dimensions of 1500 microns (horizontal) by 1025 microns (vertical).
POROSITY (o/el


































the shallowing direction to keep data acquisition consistent.
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Figure 4.1 shows the positioning of the three strips of values taken in thin section whilst
also showing the porosity values obtained from the left strip. Note the left strip is
located on the right-hand side of this thin section because the shallowing direction
points down page, allowing the data to be collected consistently.
The thin section was placed horizontally on the tightened microscope rotating stage.
The on-screen field of view is rectangular with the long axis parallel to the placement of






tr'igure 4.2: Set-up of PIA system, showing the relationship between the on-screen field of view and the
thin section on the microscope stage.
Each strip of porosity data was generated by starting at one end of the thin section and
then making incremental moves, with each move being the adjacent field of view, until
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Even though the sandstone section was discontinuous (there are gaps between some
thin sections, for example, a 3-foot (1-metre) gap exists between thin sections 2aiii and
1g), however, they were grouped together to highlight the variation in porosity along
the available length of reservoir sandstone.
Each column was averaged and plotted separately (Figure 4.3), highlighting the
interpreted cross-bed sets visible in the core. Cross-bed set one includes thin sections
2ai to 2aiii, while cross-bed set two was interpreted between l bii to 1a lower. The thin
sections between these cross-beds included the three-foot gap and the missing sect¡on
from which the piece was sent for micro-CT scanning. For this reason, it has not been
considered as a separate cross-bed set.
Figure 4.3: porosity variation from thin section for the data from each of the three strips measured along
thJ length of the vártical plug (missing core with piece sent for micro-CT scanned not included). The
breaks between interpreted cross-bed set 1 and 2 (CB 1 and CB 2) are included.
The three-strip porosity data were obtained through the 4x-magnification objective lens
using a specially designed program at the NCPGG. For visual assessment, the data
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areas of influence, allowing the readings to represent poros¡ty dístribution across the
whole slide (Figwe 4.4). Raw data can be seen in Appendix 9, while the spatial
displays for samples laii upper and 2aä are included as Figures 4.4 (i-¡i). The
remaining displays are included in Appendix 10.
Porosity value expanded
to area of influence







THIN SECTION POROSITY ANALYSIS
SPATIAL DISPLAY
Í'igure 4.4: Schematic diagtam of a thin section, the red columns show the areas where porosity was
collected, while the cross-hatched areas shows how this data was displayed spatially.
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Figure 4.4 (i):3-strip spatial display forthin section laiiproduced from 60 readings, spread across an
area of influence. A low porosity area is observed in the central region of the slide, displaying
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Figure 4.4 (ü): Spatial display for thin section 2aii produced from 87 readings. Interpretation of the core
photo suggests some cross layering is visible across the central region, indicated by the porosity display
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The Sx-magnification objective lens was then used to produce a full coverage data set
across two of the fourteen samples (1aii upper and 2aä). The 5x-magnification lens
was used because a different microscope was needed which allowed the use of a
mechanical stage slide (which was unavailable on the microscope with the 4x lens), to
provide precision for both the vertical and horizontal moves. The dimensions between
the 5x- and 4x-magnificaion lens field of view are very similar (Figure 4.5).
50x
tr'igure 4.5: Relative coverage of a thin section at the various magnifications used to measure porosity
(scale measurements are in microns and were measured using the line tool from the me¿$ure menu).
The data set was limited by the travel of the stage slide, which prevented the ends of
some slides from passing under the objective. Only two samples were selected for full
coverage. Selection of two samples from different cross-bed sets at opposing ends of
the core increased the likelihood of variation and provided a sufficient data set to
display the data and conduct a statistical analysis. Slide 2aii was selected because
there was evidence of banding within the rock (see Appendix 11 for thin section photo)
and it was anticipated that this banding might be reflected in the porosity distribution
maps. The data from the two samples can be seen in Appendix 12, and the spatial
display data are shown separately as Figures 4.6 (i) and (ii).
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l aii
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tr'igure a.6 (i): Full coverage spatial display for thin section laii upper. No visible layerings, while
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Figure 4.6 (ü): Full coverage spatial display for thin section 2aii. Two low porosity layers are
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Data from fìelds of view under the Sx-magnification objective were grouped at a pseudo
2.Sx-magnification to assess whether a lower magnification might show the same
variation (displayed within Appendix 12). The display data (Figure 4.6 (iii))was created
by averaging 4-neighbouring data points from the Sx-magnification data set, creating a
pseudo 2.Sx-magnification data set. The display shows the same features observed in
the 5x-magnification data set, but the results are clearly smoothed. Using this type of
magnification would provide similar information, however the smoothing results in
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tr'igure 4.6 (üi): Spatial display of pseudo 2.5x-magnificationporosity dataforthin section laii upper'
Areas of high and low porosity are identified with significant smoothing. The porosity histogram shows
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An attempt was made to emphasise this patchiness by changing the colour display
scale for the Sx-magnification data. Readings with porosity less than 11%o were
allocated a 'low' value; readings greater lhan 32% were allocated a 'very high' value,
while the remaining readings were cantered on the average porosity, taken to be
between 20% and 22% inclusive. The displays are shown as Figures 4.7 and 4.8.
l aii
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Figure 4.7: Spatial display of the full coverage porosity data for thin section laii upper. The colour
diqplay is alte;ed to highlþht the apparent patches within the data. The porosity histogram shows the
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F,igure 4.g: Spatial display of the full coverage porosþ datafor thin section 2aä. The colour display is
¡tere¿ to highlight the apparent patches *ittritt ttte daø. The porosity histogram shows the distribution
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The 5x-magnification data from l aii were re-sampled to determine the minimum
number of readings that were needed to accurately quantify porosity in a thin section.
This was done by creating a random number generator in Matlab (Appendix 13), which
was designed to select sets of between 10 and 300 different readings f rom the
available data, at increments of 10. The program repeated the sampling 100 times for
each increment and then calculated the average of each. The data were then plotted
to see the variance around the true mean porosity, which was taken to be the average
of the entire data set (Figure 4.9 (a)).
This process was repeated with the random number generator altered to assess 500
iterations rather than 100, theoretically constraining the obtained average porosities
around the true mean. The data were plotted to determine the variance and to check
for differences between the two (Figures 4.10 (a)).
From this data set, it was possible to plot the standard deviation (SD) of the obtained
averages as a function of the number of samples used to determine average porosity
(Figures 4.9 (b) and 4.10 (b)).
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tr'igure 4.9 (a): Porosity variance around the true mean plotted from data obtained from a random
number generator (RNG) using the Sx-mag data. The RNG chose between a group of 10-300 porosity
values and did this 100 times. Using 10 samples ar¡ ari ex¿rmple, the average obtained varied between
15.6% and 26.2Vo. The average when 50 samples were acquired 100 times ranged between l9.5Vo and
23.5%.
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tr'igure 4.9 (b): The standa¡d deviation (SD) inherent in the variation shown in the porosity data plotted
in Figure a.9 @) above. The SD drops below one after 33 points have been sampled and the curve
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Figure 4.10 (a): Porosity varianc,e around the true meari plotted from data obtained from a random
number generator (Rl.{G) using the 5x-mag data. The RNG chose between a group of 10-300 porosity
values and did this 500 times. Using 10 samples as an example, the areruge obtained varied between
t5.9% and 27.5Vo. The average when 50 samples were acquired 500 times ranged between l8.6Yo and
24.lYo.
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tr'igure 4.10 (b): The standard deviation (SD) inherent in the variation shown in the porosity data plotted
in Figure a.10 (a) above. The SD drops below one after 34 points have been sampled, and the curve
flattens considerably after 70 points are sampled.
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Statistics were then used on the Sx-magnification data set in an attempt to upscale
porosity distribution. The aim was to create, using kriging, a representative thin section
porosity distribution ffiap, from a reduced data set. Kriging is a geostatistical
interpolation technique that is a linear weighted-averaging method, similar to the
ínverse weighted distance method (Chambers et a|.,2000). However, unlike inverse
distance, kriging weights depend on a model that takes into account the spatial
correlation of the data points, represented by the semi-variogram. The semi-variogram
is more reliable at depicting the shapes of geologica! features and making maps look
more geologically plausible (Chambers ef a|.,2000).
The semi-variograms created from the Sx-magnification data set for samples laii and



















tr'igure 4.11: Semi-variogram of the 5x-magnification data set for thin section laii-upper suggesting
porosity shows little correlation (nugget effect). Lag I corresponds to a move of 1000microns, while lag
2 corresponds to a move of 2000microns. Lags were calculated in different orientations to see if there
was any directional correlation in the data set.
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tr'igure 4.12: Semi-variogram of the Sx-magnification data set for thin section 2aii suggesting there is
little correlation, neither distance nor direction influence correlation of porosity meÍNurements. (Note,
for direction WE, lag 1 corresponds to a move of 1000microns, while lag 2 corresponds to a move of
2000 microns).
Both semi-variograms show essentially no correlation within the porosity data for these
two samples from the Hutton Sandstone. Figure 4.11 shows a slight nearest neighbour
correlat¡on, but the effect is very weak, therefore the data can be treated as having
random distribution.
The data sets were run through a program, GSLIB, at the Melbourne CSIRO to check
and develop the semi-variograms testing for correlation. The program tested the semi-
variograms developed in Microsoft Excel 1997 rM, and provided a quick and efficient
means of testing for correlation at greater separation distances or lags. The semi-
variograms are included as F¡gures 4.13 and 4.14.
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Figure 4.13: Gl7 laii upper semi-variogram calculated from the program GSLIB. Colours represent
directions: NS is displayed in green, WE as red, and the diagonals are averaged and displayed in blue.
There is an interpreted apparent, slight short-ranged (lag 1) weak nea¡est neighbour correlation visible in
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figure 4.14: Gl7 2aii semi variogram calculated from the program GSLIB. Colours rqtresent
directions: NS is displayed in green; \ilE in red and the diagonals are averaged and displayed in blue.
No correlation is seen in this sample (semi-variogram produced by GSLIB at the Melbourne CSIRO).
An attempt was made to improve defìnition of the semi-variograms at shorter lags.
Lags are the horizontal or vertical distances between data points. lt was suggested
that collecting more data at increased magnifications (using the 10x and 50x objective
lens (Appendix 14)) would achieve this improvement as one might expect better
correlation between porosity values at shorter distances. The resultant semi-
variograms are shown in Figures 4.15 and 4.16, while Figure 4.17 was an attempt
made to model the S0x-magnification data for sample l aii.
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Figure 4.15: Semi-variogram from thin section laii-upper at lOx-magnification showing little
conelation. Lag (h): 0.5 is equivalent to a lag of 1 and corresponds to a move of 5O0microns, while lag
(h) :1 is equivalent to a lag of 2, corresponding to a move of 2 x500 microns (1000microns).






















Figure 4.16: Semi-variogram from thin section laii-upper at S0x-magnification showing little
correlation. Lag (h): O.lis equivalent to a lag of 1 and corresponds to amove of l0Omicrons, while lag
(h) :0.2 is equivalent to a lag of 2, corresponding to a move of 2 x100 microns (200microns).
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Figure 4.17: Modelled 5Ox-magnification data of thin section laii-upper. Both diagonal directions have
beãn averaged. Model fits the first three points, however all three are still only lag I because of the
different dimensions of the freld of view when acquiring the data. At S0x-magnification, correlation
exists between neighbouring porosity values and is weak.
An investigation to compare the average porosity calculated for sample l aii for the data






Number of readings usedAverage Porositv (7o)
(G171aü)
Magnification
Table 4.1 highlights the average porosity calculated for G17 Iaä at different magnifications and the
number of readings used to obtain lhat avenge.
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4.2 INTERPRETATION OF DATA
As previously mentioned in Chapter 3, the porosity obtained from routine core analysis
(RCA) ranged from 20"/" To 24"/o (Figure 3.3). The porosity determined from the three
column strips using PIA indicates that the range is approximately 20"/o and 23% (Figure
4.3), and using the entire 5x-magnification data the 'true' porosity is 21/%. Hence,
PIA shows good correlation with the RCA data.
From Table 4.1, il was evident that the porosity estimate is influenced by magnification,
as it shows porosity is under-estimated using a higher magnification (50x) compared
with a lower magnification (5x). Further evidence of this was seen in Table 3.3
(Chapter 3) where, the total calculated summed to 108%. This suggests that the
average of fourteen thin sections, with five readings used for each average at 5x-
magnification over-estimated each component.
It is important to recognize the operator dependence inherent in PlA. At high
magnification, the operator views a smaller area with fewer grains and pores and can
distinguish grain boundaries more clearly, thus influencing the porosity estimate.
Hence, there appears to be some operator bias towards the phase being analysed
when producing the overlay to measure that phase.
It should be mentioned however, that higher magnifications allow the operator to see
the 'thickness' of the thin section that creates the illusion of two apparent grain
boundaries, one on the top surface of the thin section and one at the base. To
overcome this, it is suggested that the operator should estimate the grain boundary by
choosing an area between the two. At low magnification, the operator is unable to
distinguish these two apparent boundaries. The porosity estimate is calculated across
many grains and pores, increasing the likelihood of smoothing when the image is
analysed. Figure 4.18 emphasizes the problem with PIA concerning the number of
grains and pores that exist in each field of view when a porosity assessment is made.
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tr'igure 4.18: PIA image showing the problem concerning the number of grains and pores that exist in
each field of view when aporosity assessment is made.
Schulz-Rojhan & Phillips (1989) stated that porosity determined from thin section may
be under,estimated by up to 30%. They recognised that the under-estimation is due, in
part, to the presence of authigenic kaolin that contains micro-porosity, and this is often
not registered during area counting. This effect is not seen in the results of this study
because an effort was made to include some porosity in parts of the thin section that
were tightly packed with kaolin.
Another possible factor for under estimating porosity from thin section is that the blue
dyed epoxy resin may not occupy all of the fine pore spaces. This would result in the
image analyser not detecting these pores, however this effect is likely to be minimal
because of the clean nature of these samples.
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It was anticipated that the spatial display porosity maps would highlight bedding trends
and areas of particularly high or low porosity. These areas are the primary influence
on the permeability of the rock. lf this technique could identify these areas, then it
would prove useful for permeability estimation in reservoir simulation.
From the three-strip spatial display porosity data, the interpretation suggested there
was some evidence, particularly in thin section 2aii, that bedding trends are reflected in
the porosity data. The copy of the core (Appendix 3) and the photo of the thin section
(Appendix 1 1) indicate there is some silt banding across the sandstone. This appears
to be reflected in the porosity display data, but with so few readings across the slide,
combined with the results from the semi-variograms (which suggest there is virtually no
correlation), it is most likely to be the result of random chance. A greater sample
density would be required to obtain more detail needed to reflect the porosity variation.
The Sx-magnification full coverage porosity data acquired from the same thin section
(Figure 4.6 (i)) contain many more readings than the three-strip data (439 compared
with 62). Thus, the abundance of data is more likely to reflect this silty banding. The
results cautiously suggest two strips of low porosity can be seen across the central
region of the spatial display.
The apparent patchiness of the porosity data was more pronounced when the displays
were altered. Figures 4.7 and 4.8 show the porosity from thin sections laii and2aä,
and the altered colour display highlights areas of high and low porosity, or apparent
patchiness. When looking at these plots, the reason for the semi-variogram data
showing very little correlation between neighbouring data pairs became apparent
because high and low readings were often coincident. Gradation between data pairs is
minimal, with segments of high porosity sitting adjacent to readings of very low
porosity. The data predominantly alternates between areas separated by two or three
porosity units, and in some extreme cases, up to four porosity units, but rarely only
one. lf the porosity was spatially correlated, it is expected that the difference between
areas would more often only be one porosity unit.
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The plots created from the data obtained from the random number generator (Figures
4.9 (a) and 4.10 (a)) enabled visual recognition of the number of samples required
(between 30 and 40) to obtain a porosity estimate in thin section that is within one
standard deviation of the true average porosity.
Figures 4.9 (a) and 4.10 (a) demonstrate that there is a good chance the average
porosity obtained by using only 10 random readings f rom a thin section at 5x-
magnification will not be accurate. lt is likely a porosity reading as low as 16% or as
high as 261" will be attained which is a large variation that would substantially affect
simulator flow results. The likelihood of obtaining an accurate value of porosity from 20
readings increases, ranging between 18% and 26%. However, once 30 readings are
taken, the chances that the porosity will be accurate are much higher. The range is
now only 18% to 24"/o, which is approximately one SD from the true porosily of 21'4"/"'
Figure 4.7(b) demonstrates that by taking 30 random readings of porosity using PlA,
the average porosity value will be close to one SD unit trom the true porosity,
compared with a SD of 1.92 (100 iterations) and 1.84 (500 iterations) when only 10
readings are taken. Forty readings should be included in the calculation of average
porosity to be within one SD unit and the change in variance after more than 40
readings is small compared with the change in variance between 10 and 30 readings.
Figures 4.11 and 4.12, the semi-variograms for both of the Sx-magnification data sets
appeared to show no correlation. Perhaps, as mentioned, there is a slight nearest
neighbour correlation in the laii-upper semi-variogram, but the effect is very weak, and
even less correlation is visible in the 2aii semi-variogram'
Removing the odd rows and columns from the existing 5x-magnification data set
created a new reduced data set from which it was hoped kriging could 'recreate'
another porosity distribution map that was similar to the original. A semi-variogram of
this reduced data set was constructed (Figure 4.19) and showed that there is no
correlation between data points (which was expected following the results obtained
from the full coverage semi-variograms). The 2.5x spatial display (Figure 4'6 (iii))
suggested that, recognition of higher and lower than average porosity areas within the
data set is possible, however, significant smoothing occurs as a result of using this
lower magnification.
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Figure 4.19: Thin section G1.7 laä under-sampled semi-variogram showing no correlation (nuggett
effect) between data points, that is, neither distance nor direction influence correlation. This semi-
variogram was calculáted with the odd rows and columns removed from the original 5x-magnification
data set.
The calculation of porosity at different magnifications indicated a fractal-líke nature to
porosity. lt is fractal-like because the semi-variograms at all magnifications look very
similar. Figure 4.20 is a display showing the three semi-var¡ograms on the same page.
This fractal nature has limits, the lower being the pore size, and in this study, the upper
limit is what can be seen under the microscope.
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f igure 4.20: 3 semi-variograms produced at different magnifications for thin section laii-upper. The
similar shape of each suggests a fractal nature to porosity in thin section me¿Nured using PIA.
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It was anticipated that by increasing the magnifications and reducing the dimensions of
the field of view from which porosity was being calculated that the semi-variograms
would be better defined, particularly at short lags.
It was determined that, by increasing the magnification, Lag 1 does not change. This is
because porosity is calculated across an area which only changes dimensions and can
not be calculated by one point which is needed for a well defined semi-variogram to be
created. While the actual distance associated with a move of lag 1 alters between 5x-
and 1Ox-magnification (each horizontal move for 5x is 1460 microns compared with
725 microns for 10x), each move is still only a lag of 1, and the average porosity
measurements remain essentially unchanged.
Some improvement can be seen in the SOx-magnification semi-variogram. Although it
is acknowledged that fewer data were obtained at SOx-magnification compared with Sx,
there was enough to produce a semi-variogram. An attempt was made to model this
semi-variogram, but too much emphasis was placed on lags 1 and 2, making it
unreliable to model confidently.
The improvement in the semi-variogram was expected because the field of view at 50x
magnification is much smaller (horizontal 150 microns, vertical 100 microns) and no
longer intersects as many different pores and grains to get a calculation of porosity. lf
it were possible to take porosity readings at 1OOx magnification, it is likely the
correlation between adjacent readings would be greater still allowing for more accurate
modelling. Correlation improves as the magnification increases, suggesting that with
1OOx-magnification (a miniscule field of view) a better semi-variogram will be produced.
The results of the statistical analysis suggest the data can therefore be treated as
random, with no correlation between adjacent porosity measurements. This means
kriging would not be required to upscale the data because kriging is a statistical tool
that estimatelvalues of neighbouring points by using the semi-variogram and the
qurrounding available data, applying weighting that is scaled on each data point. Since
the information obtained from the semi-variograms suggest! porosity shows no
correlation within the individual cross-bed sets of the Hutton Sandstone, no weighting
can be applied to the data points. Thus, interpolation by kriging is not possible and the
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porosity data can be randomly distributed within the cross-bed set from which it was
obtained.
Porosity data obtained from each cross-bed set should be treated separately.
Upscaling thin section data obtained from PIA can be achieved by a) obtaining
between 30 to 40 porosity readings per cross-bed set, and b) calculating average pore
size. Between 30 and 40 readings provides a value of average porosity that is within
one SD unit of the true porosity along with a range of values in the form of a histogram,
which shows the porosity distribution. The results of this study show that, for the
Hutton Sandstone, the porosity values can then be distributed randomly throughout the
bed of interest.
It should be mentioned however that correlation might be observed within another
sandstone deposited under different conditions. The core displays silt layering,
however this is not well detected by the porosity displays. This suggests the layering
was unseen by PIA within the rock. A sandstone deposited under slower flowing
conditions containing more pronounced thin silt layers might allow PIA to observe and
develop a model of correlation.
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Chapter 5 PORE THROAT DISTRIBUTION
5.1 PORE CASTING
The data available used to study the pore throat distribution of the Hutton Sandstone
samples included mercury injection capillary pressure (MICP) and the less commonly
used pore casting. Pore casts, when studied under the SEM, allow detailed views of
the pores and, in particular, the interconnectivity of the pore throats.
The direct study of void space in a rock is difficult. The volume of the voids is easily
determined but the pores cannot be observed visually as they exist in the rock. A
practical approach to this problem is the use of pore casts, that is, replicas of the void
space in a rock (Pittman & Duschatko, 1970).
Paired SEM micrographs wcrc prcparcd for cach of the four samples so they could be
used to create stereo images allowing viewing of images in three dimensions. From
these images, individual pores were selected for description in terms of being irregular,
triangular, polyhedralor tetrahedral, according to the shape.
The size of these individual pores was measured (using the long axis), along with the
coordination number (i.e. the number of throats for each pore). The pore throat sizes
were then measured and tabulated as a range, allowing calculation of the aspect ratio.
Aspect ratio in this case is the ratio of pore size to throat size for each pore. A
problem arose in calculating aspect ratio because the throat sizes calculated from pore
casts were given as a range of sizes, and not a single value. This was overcome by
summing the range of throat sizes and then dividing by the coordination number,
providing a single value for throat size per pore. From this, the aspect ratio was
determined and each pore was given an arrangement rating, providing a subjective
way of assessing its connectivity. The pores are characterised as poorly connected,
moderately connected or interconnecfed (Tables 5. 1 -5.4).
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The stereo images produced from the SEM must be viewed with red-green filter
glasses (provided overleaf). lmages from all samples were selected and are included
as Plates 5.1-5.9, while the remaining images have been included in Appendix 15.
Measurements for Tables 5.1 (above) and 5.2-5.4 were made from the stereo images.
Plate 5.1: laa_stereoedít 6 pores'were me¿¡sured in this field of view (shown by labelled bars). The
sample had average pore size of 188 microns, average coordination number of 4.5 with pore throats
between l0 and 55 microns (use red/green filter glasses to view image in 3D).
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Plate 5.2: Løb stereoedit 4 pores were measured in this field of view (shown by labelled bars). The
sample had average pore size of 164 microns, average coordination number of 4.5 with pore throats
between l0 and 40 microns (use red/green filter glasses to view image in 3D).
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Plate 5.3: løe2_stereoedít.5 pores weremeasured in this field of view (shownby labelledba:s). The
sample had average pore size of 220 microns, average coordination number of 4.6 with pore throats
between 15 and 50 microns (use red/green filter glasses to view image in 3D).
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Table 5.2: Pore cast analysis data obtained from 3D images for sample ldii.
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Plate 5.4: 1dn2 stereoediÍ.9 pores were measured in this field of view (shown by labelled bars). The
sample had average pore size of 265 microns, rvera5e coordination number of 4.6 with pore throats
between 10 and 60 microns (use red/green filter glasses to view image in 3D).
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Plate 5.5: 1de2 stereoedit. 2 pores were measured in this field of view (shown by labelled bals). The
sample had average pore size of 286 microns, avera5e coordination number of 6 with pore throats
between 10 and 15 microns (use red/green filter glasses to view image in 3D).
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Table 5.3: Pore cast analysis data obtained from 3D images for sample lfi.
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Plate 5.6: LJb2_stereoedìt. 5 pores were measured in this field of view (shown by labelled bars). The
sample had average pore size of 202 microns, average coordination number of 3.6 with pore throats
betweæn 5 and 65 microns (use redlgree,n filter glasses to view image in 3D)-
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Plate 5.7: ffi2_stereoe¡lit. 5 pol'es wete measured in this field of view (shown by labelled bars). T'he
sarnple had average pore size of 207 rnicrons, avelage coorclination number of 4 with pot'e throats
between 10 and 90 microns (use red/green fîlter glasses to view image in 3D).
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Table 5.4: Pore cast analysis data obtained from 3D images for sample 2a.
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t'late 5.8: 2atl2 stereoettit. 4 pores were measurcd in this fîeld of view (shown by latrellecl bars). The
salnplc had average pore size of 229 miÇl'ons, average eool'dination number of 4.75 with pore throats
between 10 and 70 mierons (use red/green filter glasses to vicw imagc in 3D).
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Plate 5.9: 2øb2_stereoedit. 4 pores were measured in this field of view (shown by labelled bars). The
sample had average pore size of 135 microns, ùverage coordination number of 4 with pore throats
between 10 and 45 microns (use red/green filter glasses to view image in 3D).
105
Chapter Five: Pore Throat Distribution
5.2 MERCURY TNJECTTON CAP¡LLARY PRESSURE (MICP)
A mercury injection curve represents the increasing saturation of mercury with
pressure, i.e. as a function of pore throats of various sizes (Purcell, 1949). As mercury
is a non-wetting phase, it must be forced into the pores of the sample. Pores with the
largest throats will be the first entered by mercury with increasingly smaller pores
entered under increased hydrostatic pressures. Pores connected with the smallest
throats are the last parts of the effective porosity that may be invaded and filled by
mercury at the relatively high pressures.
Mercury-ejection (imbibition) efficiency can be defined as the total volume of mercury
ejected from a sample on reducing pressure from 1OOkg/cm2 to O.1kg.cm2 expressed
as a percentage of the total volume of mercury injected over the same pressure range.
Ejection efficiency decreases linearly with decrease in porosity and probably results
mainly from a decrease in the size of throats relative to the size of the pores (Wardlaw,
1 e76).
Mercury-injection and ejection tests do not provide a close analogue for an oil-water
system, but may give a relative indication of the efficiency with which various rock
types can expel a non-wetting phase when pressure is reduced. As ejection efficiency
correlates positively with porosity, it may be possible to use porosity data to provide a
factor that will indicate recovery efficiency, in so far as this is dependent on the pore
geometry (Wardlaw, 1 976).
MICP porosity is calculated by multiplying the maximum cumulative pore volume by
100 and dividing this by the sample volume. The results were included on the
cumulative intrusion charts (Figures 5.1-5.5). These charts suggest the samples are
good quality reservoir rocks because only a low pressure is required to achieve large
volumes of mercury intrusion, indicating the porosity within the samples are
interconnected with large pore throats. The porosity calculated by MICP ranged from
19% to 24"/" and is in agreement with porosity calculated for these samples by PIA
from thin section.
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tr'igure 5.2: Mercury intrusion versus Pressure chart showing the intrusion of mercury with increasing
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Figure 5.3: Mercury intrusion versus Pressure chart showing the intrusion of mercury with increasing
p.orur" for sample ldii. Porosity calculated by MICP for this sample is indicated above the chaft while
îh" 
"urvç 
s.rgg".1s the sample is a good reservoir rock beca¡se of the low prossure required ottaining
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tr'igure 5.4: Mercury intrusion versus Pressure chart showing the intrusion of mercury with increasing
p.ã.r.rr" for sample lfi. Porosþ calculated by MICP for this sample is indicated above the chart while
ih" "u*. suggesìs the s le is a 
good reservoir rock because of the low pressure required obtaining
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Figure 5.5: Mercury intrusion veñus Pressure chart showing the intrusion of mercury with increasing
prãrrur" for sample 2a. Porosþ calculated by MICP for this sample is indicated above the chart while
ih, 
"u*" 
ruggoìr the sample 
-is 
a good reservoir rock because of the low pressure required obtaining
large volumes of mercury intrusion
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The mercury injection worksheets are included in Appendix 16, while drainage-
imbibition curves (Figures 5.6-5.10), from which recovery efficiency was calculated are
included below. These figures include the average aspect ratio (pore/throat size) and
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F'igure 5.6: Drainage-imbibition cr¡rve for sample G17 lalower showing the drainage and imbibition of
mercury into and from the rock.
e G17 lai-upper showing the drainage into and
efficiency is included in the cenffe of the chart,
e drainage multiplied by 100. The coordination
number and aspect ratios calculated from pore casts are included beneath the chart.
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Figure 5.8: Drainage-imbibition crrve for sample G17 ldii showing the drainage into and imbibition of
mácury from the rock. The recovery efficiency is included in the centre of the chart, calculated by the
maximum imbibition divided by the drainage multiplied by 100. The coordination number and aspect
ratios calculated from pore casts are included beneath the chart
tr'igure 5.9: Drainage-imbibition curve for sample Gl7 lft showing the drainage into and imbibition of
,nJr",rry from the róck The recovery efficiency is included in the centre of the chart, calculated by the
ratios calculated from pore casts are included beneath the chart.
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tr'igure 5.10: Drainage-imbibition curve for sample Gl7 lft showing the drainage into and imbibition of
mercury from the rock. The recovery efficiency is included in the centre of the chart, calculated by the
maximum imbibition divided by the drainage multiplied by 100. The coordination number arid ÍNpect
ratios calculated from pore casts are included beneath the chart.
Pore throat sizes are also calculated from MICP because the volume of mercury
entering a sample between spec¡fic pressure limits is related to the fraction of the total
pore volume that is connected by pore throats that are within specific size limits. Pore
throat distribution charts of the five samples were calculated and are presented below
as Figures 5.1 1-5.15.
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tr'igure 5.1L: Pore throat chart calculated from MICP for sample Gl7 la-lower showing that
approximately lgYo of thepore volume is accessed by pore throats with a size of 30 microns which is in
good agreement with the range of pore throat data obtained from pore cÍßts'





















Figure 5.12: Pore throat chart calculated from MICP for sample Gl7 lai upper showing that
approximateþ 23Vo of thepore volume is accessed by pore throats with a size of 35 microns which is in
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tr'igure 5.13: Pore throat chart calculated from MICP for sample Gl7 ldli showing that approximately
IgYo of the pore volume is accessed by pore throats with a size of 32 microns which is in good
agreement with the range of pore throat data obtained from pore casts.
tr'igure 5.14: Pore throat chart calculated from MICP for sample GI7 lfti showing that approximately
l9ó/o of the pore volume is accessed by pore throats with a size of 31 microns which is in good
agreement with the range of pore throat data obtained from pote casts'
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Figure 5.15: Pore throat chart calculated from MICP for sample Gl7 2ai showing that approximately
15% of the pore volume is accessed by pore throats with a size of 40 microns. This is in good agreønent
with the range of pore throat data obtained from pore casts, however there are a grea;ter level of smaller
throats suggesting the sample might be more poorly sorted.
INTERPRETATION
The porosity calculated by MICP (19% lo 24o/o) was in agreement with poros¡ty
calculated by PIA (20% lo 23o/o) and RCA (20o/o lo 24%). The major width of the pore
throats, as estimated from capillary pressure curves, ranges from 20 to 60 microns and
is in good agreement with direct measurements made from pore casts, which indicated
that measured pore throats ranged from 15 to 40 microns. Pore cast measurements
are lim¡ted to the surface of the sample, thus limiting the number of possible readings,
and the nature of the pore cast only allows the surface thickness of the throat to be
measured. More direct measurements are likely to improve the agreement between
the two. Mercury-injection capillary pressure curves provide additional information on
the size distribution of pore throats, and this information is related to sizes of pores and
throats when measured directly from the pore casts (Wardlaw, 1976).
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lncreases in the pore-to-throat-size ratio for a rock are important in influencing the
ejection efficiency for a non-wetting phase. As porosity is reduced, pore-to-throat-size
ratio increases and ejection efficiency is reduced (Wardlaw, 1976).
The, recovery efficiencies calculated from the drainage-ejection/imbibition curves
: lt .' ,' r'l
éûggesi that the Hutton Sandstone samples are excellent quality reservoir rocks, with
recovery efficiency ranging between 75"/" and 90"/"
According to Wardlaw (1976), mercury-injection and ejection tests do not provide a
close analogue for an oil-water system, but mercury ejection-injection ratios may give a
relative indication of the efficiency with which various rock types can expel a non-
wetting phase when pressure is reduced. Ejection efficiency correlates positively with
porosity; therefore, it may be possible to provide a factor from porosity data that will
indicate recovery efficiency insofar as this is dependent on pore geometry'
Mercury injection capillary pressure ilparticularly useful tool because it can be used to
À-
determine displacement threshold pressures (P6) of mercury into a rock, which is
direc¡y related to the ability of the rock to be an effective seal. This can subsequently
be used to determine the column height that can be held before it will leak. These
values are not required in this study because the Hutton Sandstone is a reservoir and
not a seal.
For this study, MICP was primarily used to acquire porosity and accurate pore-throat
size and distribution for the five samples, and use them as a control for the pore throat
sizes determined from pore cast analysis. MICP was also used to calculate the
recovery efficiency of the samples, defining the reservoir quality of the Hutton
Sandstone. All of the data obtained suggested there was agreement between
methods (Table 5.5), however the data obtained from the pore casts is obtained from
the surface of the sample and is subjected to greater operator bias. ln pore casting,
individual pores and pore throats are selected for examination in each image,
compared with MICP, where the data is obtained from the entire rock and not just the
surface.
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PIA PorosityMICP PorosityMICPPORE CAST
Table 5.5: Porosity and pore throat data obtained from pore casts, MICP and PIA. The data suggests that
there is agreement between methods. A pore cast was not made for sample la-lower'
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Chapter 6 CEMENT EMPLACEMENT
6.1 INTRODUCTION
During measurement of porosity in the Hutton Sandstone, it appeared that the large
pores were grouped around apparent concretionary centers, which were a combination
of quartz and quartz cement. These concretions were investigated using a series of
image processing techniques.
The apparent concetionary cementation within the Hutton Sandstone is compared with
three other examples of concretionary cement, two involving calcite (the Carizzo and
Bunkers Sandstones) and one where silica is the cement (Rawnsley Quartzite)'
Examples were provided explaining the origin of concretions and nodules within these
other formations and these models were suggested as the method of cement
emplacement within the Hutton Sandstone samples, which were examined and
compared with the other formations.
6.2 CONCRETIONARY MODELS
The Eoce ne Carizzo Sandstone is a fluvial sand deposit that accumulated across much
of the Gulf of Mexico Basin (Figure 6.1). ln the East Texas Basin, on the northeast
flank of the Butler salt dome (Figure 6.2) the Carizzo Sandstone shows examples of
calcite cement invading clean quartz-rich sandstone as a series of overlapping
concretions at different scales.
Further details pertaining to the geological structure and setting of the Gulf of Mexico
Basin and other details associated with the Butler salt dome, are contained in the
paper by Enos and Kyle (1998). Forthe purpose of this study, attention has focused
on the emplacement of calcite cement within lhe Carizzo Sandstone as an analogue
for silica cement in the Hutton Sandstone.
118



































Geologic setting of the Gulf Coast Basin showing location of selected salt domes.
Figure 6.1
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Figure 6.2: Butler Salt dome location map and Stratigraphic column.
What is unusual about the Carizzo Sandstone is that sediments are typically
uncemented within the shallow Tertiary succession. However, on the northeast flank of
the Butler Dome, lhe Carizzo Sandstone is almost completely cemented, and the study
by Enos and Kyle (1998) focused on this anomalous cemented zone. lt was suggested
that the cementation on the northeast flank was due to processes similar to those that
create salt dome calcite cap rocks throughout the Gulf Coast. lnformation regarding
these calcite cap rocks is discussed by ,Kyle, (t OSS¡.
The Carizzo Sandstone is a fine{o-medium-grained quartz arenite to sublitharenite
wilh 42o/" to 50% cement that is primar¡ly poikilotopic calcite with local pyrite. The unit
is massive to cross-bedded and was deposited in a distal fluvial environment. The
uppermost part of the unit consists of thinly interbedded sand, silt and clay, and is
interpreted as overbank or floodplain deposit (Enos & Kyle, 1998)"
120
Chapter Six: Cement Emplacement
The study area shows a mature, well-sorted sandstone, tightly cemented with spherical
calcite concretions and local spherical pyrite concretions on one side of a fault, while
on the other side, the sandstone is primarily uncemented with only scattered pyrite
concret¡ons. The calcite concretions have coalesced to form thick-cemented beds
(Enos & Kyle, 1998). Outcrop photographs (Lemon, pers.comm, 2000) show
cementation is not complete, with uncemented zones between clusters of concretions
(Figures 6.3 and 6.4).
Petrographic evidence suggests that an average of 1 .8"/. of the framework component
was feldspar, much of which was pseudomorphed by kaolinite crystals. Other feldspar
grains are partially dissolved, but there are no oversized pores to indicate dissolution
was a common process (Enos & Kyle, 1998).
Poikilotopic calcite is the main cement in the studied zone, comprising 64% of an
average oÍ 49"/. of the whole rock when all pore space is filled (Enos & Kyle, 1998).
The zones with higher than average cement content show evidence for replacement of
framework grains as well as possible displacement. The calcite grows in spherical
concretions of all different sizes ranging from 2mm to 40cm in diameter. ln outcrop,
local uncemented pockets of sand are weathered from the rock (Figure 6.3) while the
concretions intrude from the margins (Figures 6.4, 6.5, 6.6 and 6.7 (a and b)).
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F'igure 6.3: Outcrop of the calcite concreted Cariz-zo Sandstone showing the weathering effect of the
uncemented areas.
Figure 6.4: Outcrop of the Canzzo Sandstone showing the spherical calcite concretions intruding into an
uncemented zone that has washed from the outcrop.
122
Chapter Six: Cement Emplacement
tr'igure 6.5: Carizzo Sandstone showing tight spherical calcite concretions (A) with areas of weakly
cemented sandstone between them (B).
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Figure 6.6 (a): Canzzo Sandstone showing more tight spherical calcite concretions indicated by the
slightly darker patches along with a pyrite concretion (C). The concretions are separated by lightly
coloured polygonal zones with less cement.
Figure 6.6 @): Same piece of Canzzo Sandstone as above with some interpretations included showing
some of the major calcite concretions that are the result of coalescing smallet concretions. This
coalescing creates a concretion overprint across the rock.
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Poikilotopic texture is not indicative of any particular stage of diagenesis, as it can
develop at any depth of burial. The large crystals indicate a limitation of nucleation
sites, which is a possible theory as to why the cement forms as concretions.
Unfortunately, the factors controlling the development of nucleation sites are not
understood (Enos & Kyle, 1998). Pyrite cement is present, and occurs in spherical to
irregular concretions of 1mm to 3cm in diameter (Figure 6.6 (a and b)).
Other examples of sandstones that display cement emplacement by concretion include
the early Cambrian Bunkers Sandstone and the Precambrian Rawnsley Quartzite, both
from the Flinders Ranges in South Australia.
The Bunkers Sandstone is an early Cambrian deep-water lowstand fan sandstone that
outcrops in the central Flinders Ranges of South Australia (Gravestock & Hibburt,
1991). The unit is mainly known from outcrop. Twenty to fifty centimetre thick parallel
beds of massive sandstone grade upwards over 50 metres into thinner, tightly
carbonate cemented beds, interbedded with dark gfêy, nodular silty limestones.
Although there are no apparent sedimentary structures within the very clean quarlz
arenite units, the situation of the deposit, on the low side of a fault active during
deposition and interbedded with deep-water limestones, strongly suggests that this unit
was deposited as a series of proximal to mid-fan turbidites.
The thick, clean sands at the base of the unit are relatively uncemented except for
bands of nodular concretions that weather from the outcrop as lumpy specimens
shown in figures 6.7 and 6.8.
The Precambrian Rawnsley Quartzite is a medium-coarse grained, clean, white-
pinkish-grey sandstone and quartzite, which disconformably overlies the Bonney
Sandstone and is the most resistant rock unit of the Flinders Ranges (Forbes & Preiss,
1987). lt contains trough cross-bedding, parallel lamination and other sedimentary
features typical of shallow, tidal-shelf deposition such as a shore-face, barrier or
migrating channel facies (Forbes & Preiss, 1987). The silica cementation within the
unit is likely to be responsible for its resistance to weathering and sometimes forms
spherical concretions as shown by Plates 6.9 and 6.10"
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Figure 6.7: Bunkers Sandstone showing highly cemented spherical concretions clustered throughout the
sample.
Figure 6.8: Bunkers Sandstone with highly cemented concretions clustered throughout the sample.
Uncemented areas have been weathered away.
t26
Chapter Six: Ceme,nt Emplacement
''::.', '
Figure 6.9: A highly silica cemented spherical concretion from the Rawnsley Quartzite.
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Figure 6.10: A highly silica cemented spherical concretion from the Rawnsley Quartzite. The darkpatch
on the kidney shaped piece is resin.
Plane polarized, cross-polarized light and CL photomicrographs have been included to
show what these intensely cemented concretions look like in thin section within both
the Bunkers Sandstone (Figures 6.11 (a and b)) and the Rawnsley Quartzite (Figures
612 (a and b) and 6.13 (a and b)).
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f igure 6.11 (a): Plane polarised light image within Bunkers Sandstone concretion. Cement completeþ




Figure 6.11 @): CL micrograph of the Bunkers Sandstone concretion. Cement shows no luminescence
(5x-mag, scale bar in microns). 
I
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F
Figure 6.12 (a): Plane polarised light micrograph within a Rawnsley Quartzite concretion. Note the
partially dissolved feldspar grain (A) and some primary porosity (5x-mag, scale bar in microns).
-
H
Figure 6.12 @): Cross-polarizedlightmicrograph of the Rawnsley Quafzite of the above image (scale
bar in microns).
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725
Figure 6.13 (a): CL micrograph within the Rawnsley Quartzite. Some. porosity is present
arnongst otherwise fully cemented framework concretion (2x-mag, scale bar in microns). Quartz
overgrowth is the major cement phase.
pores are clearlytrigure 6.13 @): Plane polarised light within the Rawnsley Quartzite. The
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A literature search was undertaken to help build a model for nodule formation' Not all
nodules appear to form the same way. Muller & Fabricus (197a) discussed an
actualistic model for the formation of magnesian-calcite nodules in the lonian deep sea,
and noted that it was conceivable that a similar type of formation may account for the
formation of red nodular limestones in the Mediterranean Jurassic, studied by Jenkyns
(1e74).
Unfortunately, Muller and Fabricus acknowledg"dJllt the triggering mechanism for the
formation of the nodules is still unknown, tro*evei,iå"Èl deduce a tentative model for the
formation of magnesian-calcite nodules. Magnesian calcite is precipitated as a lutite at
the sediment surface. Provided the rate of cement-precipitation is higher than the
sedimentation rate, the cemented lutite gradually forms concretions of increasing size.
lf this process is allowed to continue, nodules often coalesce to form coherent crusts
(or hardgrounds) or a nodule pavement (Muller & Fabricus, 1974).
Quartz. ceinent and kaolinite are the only visible cements within the studied Hutton
Sandstone. Whilst there is no calcite cement, it is suggested the quartz cement has
begun forming similar concretions that are clustered throughout the samples, although
they are not nearly as pronounced as those seen in the Carizzo Sandstone or Bunkers
Sandstone.
The concretions were examined using macro photos of the thin sections (Appendix 1 1),
micrographs taken from these thin sections that showed concretions (areas of quartz
cemented by quartz and kaolinite), and binary overlays created f rom these
micrographs (Figures 6. 1 4-6. 1 7).
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6.3 INTERPRETATION
Sample lfii (Figure 6.14) appears relatively uniform with possible evidence of silt
layering through the central region of the slide. Upon closer inspection, it appears that
there are tight areas within the thin section (concretions), which are identified by larger
pores surrounding them. These concretions are clustered throughout the slide. A
theoreticat image has been produced (Figure 6.15) highlighting what is suggested as
being seen throughout these Hutton Sandstone samples'
a-a a,a
7a 7a
trigure 6.14: Thin section G17 lfri and the interpretation of concretions. Note some concretions are
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in the Hutton Sandstone samples' The clusters are
qtrartz cement (in the form of overgrowths) and
earby supplying much of the silica for the quartz
cement.
Figure 6.14 also conta¡ns the interpretation of these concret¡ons alongside 
the orig¡nal'
The interpretations were produced by enlarging the images without greatly reducing
the resolution by us¡ng the zoom function in corel 
rM PHOTOPAINT 9'0' The amount
of enlargement is limited before resolut¡on is reduced to a point where concretions
defined by the large pores are not recogn¡sable'
These concretions have some smail pores within them. while these pores are likely lt"
have some effect on the average porosity of the sample, they are not likely 
to have a
pronounced effect on the permeability of the sample. Fluid flow is likely to be
controlled by the connectivity of the large pores outside the concretions'
unfortunately, the quality of images do not allow for magnification of these areas 
in
these thin sections without loss of resolution, but it is suggested these concretions
occur throughout the sampres and en begin to coaresce and cruster together. one
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otherthin section has been included with the interpretation alongside it (Figure 6.16)
The remaining thin sections are included in Appendix 11'
2.5 cm 2.5 cm
a./ -\lt!-- 7t
F,isure 6.16: Thin section G17 lbi and the interpretation of concretions' These are also clustered
itr-ougt out, ho*ev+e,plso appear to be coalescing in the central part of the thin section'
The concretions within the Hutton Sandstone range in size from 10 grains (Figures
6.17 (a-b)), to 40 grains (Figures 6.18 (a-b), and 6.19 (a-b)), although often there can
be more. Larger concretions may not yet have formed to a level of cementation that
makes them recognisable. Concretion size is limited by the availability of silica in the
system, and the system is larger than the thin sections that have been studied'
G17 1b ¿
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200
Figure 6.17 (a): Thin section Gl7 lai. Small concretion defined by large primary pores and secondary
pore from dissolution of feldspar (A) (5x-mag, scale bar in microns)
plate 6.17 (b): Binary overlay from thin section Gl7 lai. The overlay was produced by a succession of
erosion and dilation iterations to purposefully eliminate the smallest pores. There is also evidence of
t36




tr'igure 6.18 (a): Thin section Gfi ffti Dissolution of feldspar is wident (A) along with abundant
kaolinite and quartz cement forming the concretion, being surrounded by large pores (2x-mag, scale bar
in microns and applies to the overlay below).
IPtu t
Figure 6.1S (b): G17 lfii binary overlay - the large pores sulïound the concretion. Image produced by
sion-dilation to eliminate the smallest pores.
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Figure 6.19 (a): Thin section G17 la-lower. Three clusters are interpreted (1-3), surrounded by the
large primary pores. Note the thick quarFz cement overgrowths (A). (2x-mag, scale bar in microns and












tr'igure 6.19 (b): Thin section G17 la-lower binary overlay. Elimination of the smallest pores allows
larger pores to highlight the three concretions.
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To examine concretions that are bigger than the 2x-magnification field of view (seen in
Figures 6.17 and 6.19 above), four separate adjacent micrographs and their
corresponding overlays were combined and produced as a single image (Figure 6.20
(a-b)).
F
tr'igure 6.20 (a): Four sqrarate adjoining images collected using the 2x-magnifrcatìon objective were
joined to investigate the possibility of existence of large concretions (scale bar in microns).
F,igure 6.20 (b): The binary overlay produced by erosion-dilation iterations to rernove the smallest pores
shows that there are no large concretions in this field of view.
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The erosion-dilation procedure was used to produce the overlays to highlight the larger
pores that affect the connectivity within the rock and hence control the fluid flow. The
erosion processing procedure is an operation that strips the outermost layer of pixels
from pores, while dilation is a process that adds a layer of pixels to a pore. Erosion
followed by dilation does not necessarily restore the object to its original shape (Duda
& Hart, 1g73), but the difference in the number of pixels before and after a cycle of
erosion and dilation represents the amount of small-scale roughness elements on
pores. lf erosion-dilation cycles progress (three erosions followed by three dilations,
etc.), the pore is progressively smoothed until a large number of successive erosions
exceeds the width of the pore, which is then destroyed without any 'seed' upon which
an ensuing dilation can oPerate'
The erosion-dilation procedure allowed overlays to be produced with small pores
removed to leave the shape and distribution of the large primary pores'
6.3.1 Possible mechanisms for creation of concretions:
There are two possible mechanisms related to the likely sources of silica to explain
why concretions form.
a) The first mechanism assumes concretions form in a closed or internal system' ln
this situation, ions are dissolved into the formation water and they must then be
redistributed elsewhere nearby. When a feldspar grain within the rock undergoes
dissolution, the ions released in this reaction are redistributed forming some kaolinite,
while the remaining silica is redistributed as quartz cement. The clustering often forms
around an area where there is a partially dissolved feldspar grain or areas of tightly
packed kaolinite.
b) The alternative mechanism assumes an open or external system. ln this system,
the sources of silica within the formation waters are a result of reactions that occurred
in other areas, possibly in surrounding mudrocks. Concretions forming in this system
are likely to be a result of a limited number of poorly understood nucleation sites.
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Whilst the formation of nucleation sites within a rock is poorly understood, the theory of
nucleation sites suggests that the excess silica is focussed on a particular area.
Depending on the availability of silica, as the site develops, increasingly more silica is
drawn towards it. The factors that control the nucleation sites may be grain
composition, grain size, degree of strain inherent in the quartz grains or simply random
formation. Given the association of silica cement and kaolin, the closed system is the
favoured mechanism for the Hutton Sandstone.
Gluyas et al., (2000) discovered that the Kimmeridge Clay Formation (Miller Field, UK
Continental Shelf) was capable of delivering an average of 6% quartz cement to the
interbedded Brae Formation Sandstone in a period of less than 20 million years. lt was
determined that on average, the transport distance for the silica was little more than
one metre.
It is suggested the siltstones within the Hutton Sandstone samples have contributed
silica to the system, which then precipitated where nucleation sites had already been
established.
6.4 IMPLICAT¡ONS OF CONCRETIONS
It is suggested that development of a semi-variogram based on porosity distribution
was unsuccessful because of a) the spherical arrangement of large pores around
concretions along with b) the large field of views used in the PlA.
Kriging is a technique that studies data in a linear fashion, but it is suggested the main
pores are arranged spherically. While the spherical arrangement of pores may not be
the main reason kriging was unsuccessful, it is a contributing factor. The largest pores
are immediately adjacent to the most tightly cemented zones, thereby enhancing the
nuggett effect (lack of correlation) observed in the semi-variograms.
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The concretionary nature of the cement is likely to play an important role in the fluid
storage. Oil or gas ¡s partitioned within the rock between the large intergranular
porosity (primary porosity), small intergranular porosity and porosity assoc¡ated with
kaolinite (microporosity). Fluid flow however, is controlled by connectivity of the large
pores, especially if these pores are linked throughout the entire rock framework'
Permeability will be good where pore connectivity is high.
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Ghapter 7 SUMMARY AND CONCLUSIONS
Reservoir quality in a sandstone buried to any degree is controlled by three factors.
i. The depositional porosity and permeability, which are strongly influenced by
sorting, grain size, grain morphology and the sand/mud matrix ratio,
ii. The degree of mechanical and chemical compaction; and
iii. The amount and type of pore-filling cement (Worden & Morad, 2000)'
The primary aim of this study was to investigate the use of PIA in reservoir rock
characterisation. There were three components of the study essentially covering part
(i) and (iii) above. The first of these was to use PIA to determine the porosity
distribution of the Hutton Sandstone on a microscale, ultimately, providing a set of rules
for the use of plA to effectively measure porosity using an optimum magnification and
number of fields of view. The second was to determine whether a sub-set of porosity
measurements could be collected which fully describe the porosity distribution and to
determine the minimum number of readings required to accurately quantify porosity in
thin section. The final aspect of the study (covering part (¡¡¡)) was to then investigate
and try to understand how quartz cement is distributed in the rock'
The results of the investigation suggest PIA is particularly useful in porosity
determination, especially when compared to the point counting procedure because it is
less time consuming and PIA can provide multiple calculations of porosity and
mineralogy per thin section, whilst point counting only provides one value of these.
Also, the results suggest features such as silty layers may be recognised using PlA,
provided enough readings are taken across the thin section, lt is likely that the porosity
distribution within these Hutton Sandstone samples was spread too evenly to
recognise these features any better'
Despite the common perception that the Hutton Sandstone acts like a "homogeneous
tank" (Hamilton et a|.,1998), it soon became apparent that the samples used in this
study are in fact heterogeneous at a microscale and not homogeneous. Therefore, a
problem exists with using CT-scanning to characterise a reservoir because the sample
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size used is small and the results obtained would need to be placed in context of a
larger reservoir interval. A major advantage of PIA is that it ties porosity distribution
directly to the factors that control it. These controlling factors include grain size, grain
sorting, cement type, cement distribution, clay morphology and clay distribution.
Compared to micro-CT scanning, PIA is a cost effective and readily available technique
to perform, whereas the CT technique is expensive and the equipment required is not
readily available.
As mentioned, data obtained during the investigation suggested that PIA could be used
to tentatively identify banding in thin section provided enough readings are taken to
obtain full coverage of the thin section. By taking only three-strip data there was too
great a chance that factors directly controlling porosity would not be recognised,
however, when full coverage data was obtained at 5x-magnification, the features
became more identifiable.
When the output display was altered, the patchiness within the porosity became more
apparent. This patchiness was a reason why development of spatial correlation
models did not work. The slight nearest neighbour correlation resulted from the
patches of high and low porosity, however the data predominantly alternated from
patches of high porosity to patches of low to very low porosity, exhibiting very little
gradation bêtween porosity units, expected if there was correlation. The patchiness is
interpreted as being a result of the concretionary nature of the sandstone caused by
the distribution of silica cement and kaolinite.
The results also indicated that whilst PIA is particularly good for porosity and
mineralogy estimation, it is a technique deficient for accurate estimation of the amount
of quartz cement in the rock. This was due to the software's inability to distinguish
between the quartz overgrowths and the primary quartz grains, which are the same
colour.
To overcome this deficiency, it is suggested that a digital image of a CL micrograph be
loaded into the image analysis system, thus allowing for accurate assessment of the
quartz cement by means of an overlay.
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When using PlA, it was found that magnification had a direct effect on the porosity
est¡mate. At higher magn¡fications, porosity tends to be under-estimated compared to
lower magnifications. This is a direct result of operator error. At higher magnifications,
the operator can distinguish grain boundaries more clearly. The disadvantage with
choosing a high magnification far outweighs the advantage, because the porosity
calculation estimate is conducted over a small area and thus may not be reflective of
the overall porosity of the sample. More readings would be required to estimate
porosity accurately using a high magnification (eg.50x) compared with a lower
magnif ication (eg.5x).
It was shown by using a random number generator that to estimate porosity from only
1O readings at 5x-magnification, there is a low chance of obtaining an average porosity
that is accurate. To produce an accurate average porosity reading using PIA in thin
section it is recommended that, at 5x-magnification, between 30 and 40 readings be
taken, thus ensuring that the standard deviation be within 1 unit from the 'true' porosity
of the thin section.
Statistical analysis established that there was very little correlation within the porosity
data obtained from PlA, Only the nearest neighbour porosity readings showed some
correlation and even this correlation was very weak. The reason for this became
apparent when the data were redisplayed using a different colour scale, which
emphasised patchiness observed within the data. There was a lack of apparent
gradation between the different porosity units, suggesting little correlation between
neighbouring data points.
Therefore, kriging would not be required to interpolate between a reduced data set.
Upscaling porosity data from the Hutton Sandstone is achievable. The method of
upscaling suggests that, using PIA at Sx-magnification, between 30 to 40 porosity
readings be obtained (providing a range of values), the pore sizes calculated, and then
a random number generator used to conduct the upscaling. This information could be
used as input into a reservoir model for reservoir simulation.
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By calculating porosity across an area, PIA did not allow semi-variograms to become
well defined at shoft lags. Changing magnification (thereby changing the size of the
field of view) only changed the distance moved between neighbouring fields of view.
This distance (whilst smaller when at a higher magnification) still only equated to a lag
of one, therefore it was impossible to define the semi-variograms at shorter lags. A
'fractal-like' nature was observed for the porosity data in these samples of Hutton
Sandstone as the semi-variograms shared the same shape and were produced from
different magnif ications.
The Sx-magnification display data indicated it was likely that the lower porosity areas
were a result of silt layering or clustering of grains cemented with quartz cement. This,
the third aspect of the study, was done visually by using PIA to highlight the areas of
quaftz, quartz cement and kaolinite, and by highlighting the inverse of these, the
porosity. lt was discovered that by focussing on the primary pores, the seemingly
homogeneous quartz arenite was in fact composed of cement concretions, often
clustered throughout the samples, similar to cement concretions identified in the
Carizzo Sandstone, The degree of clustering in the Hutton Sandstone, however, is
much lower.
Circumstantial evidence points to feldspar alteration and dissolution as the source of
silica cement in the Hutton Sandstone with extra silica possibly sourced from the
shales that are interbedded within the reservoir rock.
Worden and Morad (2000) concluded that silica for quartz cement has no single source
that can be universally predicted in sandstones. lt can be sourced on a sandbody-
scale by feldspar alteration reactions, pressure dissolution at grain contacts and in
stylolites, dissolution of biogenic silica and volcanic fragments and from the illitization
of smectite. ln principle, silica may also be sourced externally to the sandstone,
including mudrock-related sources, silica transported from deep in the basin or other
external sources (Worden & Morad, 2000).
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pore size histograms highlighted the average pore size within the samples, but for the
purposes of this study, attention was focused on the number of larger pores because
these are the primary pores that surround the cement clusters and hence strongly
influence permeabilitY.
MlCp was particularly valuable because it a) provided another technique which
calculated porosity, enabling a comparison and check to be made with the other
techniques, b) it allowed calculation of recovery efficiency, placing a value on the
reservoir quality and c) it produced distribution charts of the pore throat sizes.
Pore cast analysis provided information that was supported by MlcP, but is a
technique that is limited in its use because it only supplies pore throat data (which was
obtained more accurately from MICP). lt does however, provide a good visual aid in
the study of the pore interconnectivity, particularly the 3D images produced using the
stereoscope function within the SEM program which allowed calculation of reservoir
parameters such as the aspect ratio and the coordination number which is valuable
when assessing reservoir potential'
This study showed that the Hutton sandstone should not just be considered as a series
of sand-sized grains separating intergranular pores, but as a series of concretions
separating interconnected porous zones'
Petrographic lmage Analysis (PlA) proved particularly useful in determining the
parameters for statistical analysis for the simple mineralogies displayed in the
samples from the Hutton Sandstone. lt may well be that more complex
mineralogies, perhaps involving lithic rock fragments, might not allow sufficient
discrimination using PIA to subdivide the framework grains from the porosity or
cement. This study concentrated on establishing techniques for statistical study of
data collected by PIA and used ideal samples as the base of the study. I suggest
that further work could be done on a suite of more complex samples to establish if
PIA is more universally applicable.
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7.1 INTEGRATION WITH RESERVOIR SIMULATION
A simulation study requires a description of the reservoir's rock and fluid properties,
validation of complet¡on and production history, and extensive history matching
(matching historical performance) to validate and modify these data. When history
matching is complete, numerous predictions of field and well performance
characteristics are calculated for various development scenarios (Laudeman, 1992).
A simulation study begins with the selection of a model type. A grid is then used which
determines the resolution at which complex reservoir flow equations are solved. ln
general, the accuracy of results from simulation studies is greater for smaller grid block
sizes because smaller grid blocks permit more detailed descriptions of reservoir
heterogeneity (Laudeman, 1 992).
The population of a matrix of cells to simulate the production from a hydrocarbon
reservoir requires information on porosity and permeability and the distribution of those
factors.
The reservoir characterisation required defining porosity and permeability for each grid
block in a reservoir simulation model is stringent. Porosity and permeability data are
strongly influenced by sorting, grain size, grain morphology and the sand/mud matrix
ratio, the degree of mechanical and chemical compaction undergone by the reservoir
and the amount and type of pore-filling cement within it (Worden & Morad, 2000)'
These data are supplied by the techniques used in this study (listed in Table 7.1) while
the table also assesses the value of each.
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Table 7.1: Shows various techniques used in the study which calculate, or help calculate porosity for rock characterisation, incorporated in reservoir model
for simulation. The value column is a personal assessment of each technique based on the usefulness in this study.
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T.2TECHNIQUES:
1) Petrographic lmage Analysis (PlA) is a fast, easy to operate technique that uses thin
sections to obtain multiple average rock porosity and mineralogy readings, along with
information on the rock grain and pore throat distributions. This information is likely to
be more representative of the reservoir since it has greater potential of being obtained
from across more of the reservoir rock. The drawback to PIA is the information
obtained is only obtained from two dimensions (2D)'
2) Point counting is another technique used to obtain porosity and mineralogy, however
is time costly and provides only one measurement of each, making it an outdated
technique which is no-longer considered essential in reservoir characterisation studies'
3) Routine core analysis (RCA) is an essential part of reservoir characterisation
because porosity and permeability is obtained at both overburden and ambient
conditions. A large piece of core is most likely to be representative of the reservoir,
and it then provides the material for other techniques to be performed, allowing further
analysis of the rock.
4) Mercury injection capillary pressure (MICP) provides information on the pore throats,
along with a method of calculating reservoir recovery efficiency. This is particularly
useful in simulation studies that are designed to estimate field production. The
information from MICP is obtained from a 3D piece of the core, which means the
results are more likely to be representative of the reservoir, because the internal area
of the rock (not visible to the human eye) is being examined. The drawback to MICP is
the use of mercury, which means it is a destructive technique rendering the rock
unusable following analysis"
5) Scanning electron microscopy (SEM) is a high magnification, essential microscope
technique required to acquire information used for reservoir characterisation studies
regarding rock cement and cement distribution, while it is also useful in obtaining
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information regarding rock surface complexities. SEM is the only tool with sufficient
magnification to look into the pore spaces to describe the cement "decoration" within.
6) Cathodoluminescence (CL) is an essential technique in reservoir characterisation
because, while it doesn't provide direct information on porosity and permeability, it
does provide information on the controls of these by identifying the cements within the
rock, which are then used to determine the diagenetic history. PlA, used in conjunction w'r¡lt
CL can then be used to determine the cement distribution, highlighting areas of high or
low porosity, influencing rock permeability.
7) Pore casting is a technique providing information on the pore geometry of the
reservoir. This is essential for simulation studies, but the same information can be
obtained from MICP, and the results from MICP are not subjected to the same operator
bias present with pore casting. Due to this, and because the data obtained are only
from the surface of the sample, it is considered not essential for characterisation or
simulation studies. Nonetheless, used in conjunction with SEM, it can provide a useful
visual aid for looking at the rock pore structure.
8) Photography and photomicrographs are essential tools used for reservoir
characterisation studies, providing visual records of features such as mineral grain
relationships.
9) Micro-CT scanning is a new tool used to study the pore geometry of the reservoir
and then estimate permeability. The data are very accurate, obtained in three
dimensions and the technique is non-destructive, making it particularly useful for
simulation studies. The capability of CT to detect microfractures and to determine gas
storage quantitatively makes the CT scanner tremendously important for evaluating
gas res€rvoirs (Watson & Mudra, 1994). Unfortunately, the drawbacks include its
expensive, its lack of ready availability and the sample size. The technique can only
obtain data from a very small piece of rock (<O.5cm3), which is not very representative
of the reservoir since reservoirs can exhibit great variation across small distances.
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It is important to recognise that the reservo¡r model in simulation studies can often be
defined and then redefined by the simulation engineer because the simulator is only a
set of numbers reduced to cells with groups of mathematical operators that manipulate
these numbers to describe fluid flow. However, even despite the apparent plausibility
of the engineers' final interpretation used to develop the model, the ultimate test of the
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Notes on the program GRSORT
WHAT IS GRSORT
GRSORT converts the grainsize distribution obtained from thin sections' into the
distribution actually seen in the grains, The reason for the difference between the two
distributions is that the grains in the thin section are cut at random points in along their
axis, and not at their maximum thickness.
T6ORyGRSORT assumes all grains are spherical. Whilst this is undoubtedly a poor
assumption, the actually statistics and mathematics for non-spherical grains are going to
be very close to those fór the spherical grains, so the overall effect will be minimal.
Consider a spherical grain. In figure I we see three lines A-A', B-B' and C-C''
Imagine these lines to be cuts through the grain in an axis perpendicular to the page' If
the Jphere has a diameter of 1 unit, then A-A' would give a grainsize diameter of dA=l
unit,-B-B' would return a value of approx dB=0.9 units and C-C' a diameter of dC=0.45
units.
you will notice that a cut resulting in a diameter of x can only occur at a certain
distance from the centre of the grain. For simplicity sakes we will call this distance y.
The relationship between the two is the equation for a circle.
(1) (xl2) 2 + ynz = (ll2)^2
So for the line B-B' the cut would occur at a distance
y=sqrr(l/4 - (0.912)^2) =sqrt(0.0475) =.2179 units from the centre of the sphere
Imagine now that we had an infinite number of grains of equal size that were all cut at a
1.un[o- point along their axis (ust as you would do when cutting a thin section). The
percentage of the giain sizes wiitr a cross section diameter occurring between a range of
dl and d2 where d1>d2 is
(2)P(dl-dz) - (distance d2 from centre - distance dl from centre)/radius
= (sqrt(r^2 - (d2 I 2)^ 2) - s qrt(r^ 2- ( dI I 2)^2)) h
where r is the radius of the grains.
So for our grain of diameter 1 (r=0.5), equation (2) gives the percentage of grains
between B-B'and C-C'would be
P(B -C)=(sqrt(0. 5 ^2-(0 .45 I 2)^2) - sqrt(0' 5 ^2 - (0.9 I 2)^2)) I O'5
=(sqrt(O. 5 ^ 2- (O .4 5 / 2)^2 ) - s qrt(O. 5 ^2- (0 .9 I 2)^2)) I 0 . 5
=(0.4465 - 0.2119)10'5 =0.457I
Hence around 467o ol our grains of diameter 1 unit should have a cross section diameter
between 0.9 and 0.45 units.
For sieve analysis, we want to know the percentages of grains occurring in the various
phi ranges
äg.utrgã phi=g to phi =1 corresponds to the range diameter -0.5 to 1 mm.
Thus using equation (2) if we had uniform grainsize of d=2'2mm then in thin section
there would be
(3 ) P(0-> 1 )=(sqrt( 1 . 1 ^ 2-(0.5 I 2)^2) - sqrt( I . I^2-(l I 2)^2)y 1' 1
=(l.O'7I2 - 0.9795)ll.I =0'083
87o of the grain population in the phi=0 to phi =1 range'
USING THIS INFORMATION
What we have above is the method for determining the thin section grain size
distribution (TSD) from the actual grain size distribution (AGD), what we need to do
now is use this information for the inverse problem'
















at the largest grainsize in the TSD is very close in size to that
reasonable aisumption provided the population sample is
this grainsize, it is simple to calculate what percentage of the
grains should fall in each category such as was done in section 3.
Imagine in the sample above, the largest grainsize was '52mm in diameter, we would
expect the following distribution.
percentage in phi range 0. to f . iso'274670
percentage in phi range L. to 2' is 0'602177
percentage in phi range 2. to 3. is 0'093831
percentage in phi range 3. to 4. is 0.022073
percentage in phi range 4. to 5. is 0.005442
percentage in phi range below 5. is 0'001807
In our sample we had I grain in the 0. to 1. range, so from the rest of the sample we
would expect to see:
I * 0.602177 I 0.274670 = 2 in the phi range I. to 2.













* = corrected value
The procedure is then repeated for the next grainsize down. Imagine that the maximum
grainsize in the phi range I.to 2. is .43mm, the corresponding distribution you would
expect to see is
percentage in phi range I. to 2. is 0.813621
percentage in phi range 2. to 3. is 0.143194
percentage in phi range 3. to 4. is 0.032566
percentage in phi range 4. to 5. is 0.007975
percentage in phi range below 5. is 0.002644
so if we have 66 grains in the L-2 nnge, we can expect 12 tn the 2-3 range and 3 in the







x = corrected value




* = coffected value










One thing which hasn't been mentioned yet, is when a grain is removed from the
population of a smaller class, what grain should you remove, the largest, smallest or
medium sized grain.
In GRSORT, the largest grains are always removed, the reason being that statistically
they are the most likely to belong to the larger phi class.
In practice, it makes little difference to the overall calculated AGD, with only a few
grains difference between removing the largest or the smallest grains in each sample.
Measurement error is likely to be greater than that.




STRUCTI.]RE AND EXPLORATION HISTORY OF EROMANGA BASIN
STRUCTURE OF EROMANGA
The Eromanga Basin was first defined by (Mott, 1952) as extending south of the Euroka
Arch, west of the pre-Permian rocks of eastern Australia and separated from the Surat
Basin by the Nebine and Eulo Ridges to the southeast. It is underlain by a number of older
palaeozoic basins (Cooper and Warburton Basins) that influenced the deposition and
structural development of Eromanga sediments (Armstrong & Ba51986).
.,.(Passmore ,'1989) described the Eromanga Basin as a broad, intracratonic basin that
developed in response to continental thermal sag. This gentle downwarping was later
modified by a period of regional uplift during the Late Cretaceous to Tertiary that is
responsible for much of the present-day relief (Gilby & Mortimore, 1989)' Rocks in the
central Eromanga Basin are only mildly deformed. Folds are usually broad and of low
amplitude, and faults have throws of up to 300m (Passmore & Boreham11989)'
The eastern half of the Eromanga Basin is dominated by northeasterly trends, which are
influenced by the structural features of the Permian Cooper basin. The Patchawarra and
Nappamerri Troughs and the Gidgealpa-Merrimelia-Innamincka Trend.iô recognisable in
the Eromanga section.
The western part of the Eromanga basin is dominated by the Poolawanna Troughrwhich is
a large synclinal area separated from the Cooper basin by the north-east trending Birdsville
Track Ridge. The faults and folds reflect greater deformation in the underlying basins or in
basement rocks (Senior et a1.,1978). Basement horst blocks. uplifted during téctonics in the
Devonian, Permian and Triassic. These form the major highs such as the Nappacoongee-
Murleree, Gidgealpa-Merrimelia and the Wackett-Jackson trends.
The lower part of the Eromanga shows different styles of faulting to the upper. The Deep
Cooper Basin faults diminish significantly at the base of the Jurassic Eromanga Basin
sequence. These normal faults are however occasionally seen on seismic to extend as high
as the Birkhead of even the Cadna-Owie Formation (Passmo31989).
post depositional fracturing and folding of the Eromanga Basin sequence occurred during a
period of compression in the Tertiary (Passmore, 1989). Major basement faulting was
probably reactivatedrduring this period, extending the lower faults up into the Jurassic
sequence. Foldg, sðme listric and keystone style faulting occurred from this tectonic
activity within the upper Eromanga Basin sequence. This resulted in this sequence
containing finer grained lithologies that are less compacted'
EXPLORATION HISTORY OF EROMANGA
/
_(Sprigg1f982) has traced the history of petroleum exploration in the Eromanga 
Basin from
its earliest days. Until the late 1970's primary exploration targets were in basins
underlying the Eromanga Basin. The Eromanga Basin sandstones were commonly
considered to have been water flushed and generally not prospective (Laing.1969, Vine,
1976) despite hydrocarbon shows and porous reservoir rocks.
The Eromanga Basin has been explored for hydrocarbons since 1924 (Armstrong & Ban'
1986). The Namur I gas discovery in 1976 confirmed optimism, however it wasn't until
substantial oil flows were obtained from ,s.trzelecki 
3 in 1918 and Dullingari North 1 in
I9l9 that attention was focused on the Básin. South Australian Eromanga Basin oil fields
produced 3.5 million barrels of oil in 1983 following the completion of a liquids pipeline
from Moomba to Port BonYthon.
To date, all the economic oil discoveries have been made in the Late Jurassic to Early
Cretaceous non-marine Eromanga sequences with the greatest volumes being contained in
the Hutton Sandstone, the Birkhead Formation and the Namur and Murta Members of the
Mooga Formation. Major Eromanga oil fields have been discovered in sandstones of all
these formations.
Further details can be obtained \n The Geology of South Australia, Bulletin 54
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Mercury lnjection Capi llarv Pressure Test Results
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